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Dr. S. V. Shelton at the School of Mechanical Engineering, Georgia
Institute of Technology, Atlanta, Georgia, under Contract No.
F08635-70-C~0129 with the Air Force Armament Laboratory, Eglin air
Force Base, Florida 32542. Lieutenant William S. Bulpitt (DLDL)
was program manager for the Armament Laboratory. This effort was
conducted during the period from 15 July 1970 to 15 July 1972. The
first 12 months weve devoted to modeling the heat transfer mechanism
in gun barrels; during the second 12 months this model and its
results were used to aid in understanding erosion in gun barrels
and its reduction by particle seeding (TiOz) of the propellants.

This report is divided into two parts. Part I - Analytical
Model of Heat Transfer in Gun Barrels consists of Section II through
VI, and Part II - Particle Seeding Effects on Gun Barrel Heat Transfer
and Erosion consists of Sections VII through XI.
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ABSTRACT
This study models tne combustion, solid propellant move-
ment, gas dynamics, projectile dynamics, transient boundary layer, heat
transfer, and barrel metal temperatures in a gun barrel. This is accom-
plished by rigorous development of the coupled partial differential equa-
tions and carrying out a detailed numerical solution to these equations.
Comparison of barrel temperature solutions to experimental data is shown.
Erosion mechanisms are discussed in the light of these solutions. This
model 1is then used to study hypotheses concerning the heat transfer, tem-
perature, and erosion effects of submicron size solid particle additives

(Tioz) to gun propellants. A mechanism not previously studied offers

excellent theoretical results in explaining the reduced erosion.
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SECTION I

SUMMARY

The objective of this study is to (1) provide a mathematical model which
can be used to prelict the performance and heat transfer characteristics of
guns, or devices which produce high pressure and temperatures in an enclosed
but exparding volume by burning solid propellant and (2) utilize this model
to study the heat transfer and erosion effects of adding solid micron size
particles, such as titanium dioxide, to the propellant.

The internal ballistic model is developed by deriving the time-~dependent
one-dimensional conservation equations, including the effect of skin friction
and wall heat transfer. A boundary layer analysis is carried out by deriving
the boundary layer momentum equation for a non-steady, developing compressible
flow in a tube. As a first approximation, the profile shape fraction (ratio
of the displacement thickness and the momentum thickness) is assumed to be
a constant. The conduction heat transfer equations for the tube itself are
written and coupled with this boundary layer heat transfer analysis. Two
limiting cases of solids velocity, namely (1) the same velocity as the com-
bustion gases and (2) zero velocity, are considered.

Numerical techniques are used to solve the above equations together
with the equation of state of the combustion gas and to determine all the
ballistic properties, namely pressure, velocity, gas deusity, gas temperature,
volume fraction of solids, and the boundary layer thickness at each point
along the length of the tube at every time s~ep. The heat transfer co-
efficient at the inside surface of the tube is obtained from Colburn's
analogy and the tube wall temperature is determined simultaneously, and

coupled with, the interior ballistic solution.
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Results are obtained for a typical set of input data which show that

the final projectile velocity and the time of travel for the two extreme

ety T ThORRRE RS T TRL T S AR TR A G TR BT

cases of solids velocity are quite close., The total heat loss to the trube
wall is found to be five to six percent of the input energy. Very high

values of the heat transfer coefficient (50 kcal/mz—sec—°K on the average)

AR

are found, which produce peak tube wall surface temperatures of 800 to
1000°K near the projectile standing position.

Excellent agreement between predicted and experimentally measured
single shot tube wall temperatures are found. This agreement 1s produced
without the use of experimentally measured interior ballistics data such
as chamber pressure versus time.
; Repetitive firing calculations were made for ten to fifty repeated
firings with the tube heat transfer analysis ylelding tube wall temperatures.
For fifty firings over a three second period (0.060 second/firing) the inside
tube wall peak temperature reaches 1500°K., Repeated firing bursts would pro-

duce temperatures high enough to cause melting of a very thin layer of metal.

Thie verifies che importance of heat transfer in the gun tube erosion process,
The possible effects of solid micron size particles on the heat transfer

from the comtustion gases to the tube wall are investigated. A review of

the existing liteiature concerning experimental meagsurements on dusty

gases reveal that a reduction in wall friction and convective heat transfer

ig possible in many cases. In fact, reductions up to 30 percent have been

measured, but no experimental heat transfer or friction data at the Reynolds

number, particle loading, and particle sizes applicai:le to the gun tube

problem are available., If it is assumed that the particles cause a reduc-

tion of the convective heat transfer coefficient of 20 percent, the inside




tube wall temperature is reduced by about 100°K, which appears as insufficient
to cause a significant reduction in erosion.

All data on wear-reducing gun propellant additives reveal that a coating
remains on the tube wall after numerous firings. A study of the insulation
effect of micron size particles forming a packed bed in the surface rough-
ness crevices of the tube wall showed that the tube metal temperatures would
be reduced by up to 300°K. This occurs for a surface roughness of ten
microns. It is found that sufficient particle loadings are contained in
propellants used in actual practice to supply this coating material.

This insulation mechanism hypothesis is upheld by all calculations and
is concluded to be the most probable predominate wear-reducing mechanism
of wax with Titanium dioxide particles. This deposition of particles should

therefore be optimized.

(Tha rauarsa of this nagae isg hlank) =
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SECTION II

INTRODUCTION

Definition of the Problem

Devices which produce high pressure in an enclosed but expanding
volume by burning combustible mixture of gases or solid propellant with
the objective of performing work are common in practice. Internal
ballistics of these devices, for example the problem of the gun, have been
solved experimentally since the fourteenth century when gunpowder first
came into use (1]*. But surprisingly epough, an analytical solution whi-~h
may be used to accurately predict the performance of such devices has
not been found. This lack of mathematical model compels a designer to
choose the comparatively expensive path of experimentation, although
only limited information can be obtained from these experiments. More-
over, a large number of experiments have to be performed before a set
of optimum design parameters can be determ!ned for a particular purpose,
and still the final result remains in question as to whether & truly
optimum condition has been achieved.

The problem of internal ballistics requires a modeling cf the
fluid flow phenomena and heat transfer to the wall inside the expanding
volume. For simplicity, throughout this work we shall be restricted to

the special geometry of a closed cylindrical tube with a sliding piston

*Number in [ ] refers to the reference¢ in Bibliography.
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at one end,as shown in Figure 1. The combustible mixture is burnt

inside the enclosed volume whereby the pressure is increased and the
piston is set into motion, The products of combustion which flow down
the cylinder behind the piston impart a considerable amount of its

energy to the piston and a fraction is lost to the tube waili. This

cools the combustion gases and modifies the pressure and flow conditions.

While heat transfer has some effect on the ballistic properties,
this is probably more important with respect to the material properties
of the tube, Since the combustion gases are usually at a temperature
of 2000-30000K, after repeated use of the device at high frequency the
wall temperature of the tube may reach a value high enough to cause
appreciable wear as the piston slides down the tube, A model of heat
transfer, which can be used to predict the wall temperature, will help
a designer to choose the rptimum design parameters which will minimize
the erosion rate,

The purpose of the present research is, therzfore, to provide a
working analytical model which shall be able to predict all the ballistic
properties, namely velocity, pressure, temperature and density of the
combustion gas mixture as a function of space and time. The heat loss
to the tube wall shall be considered and the temperature distribution
at the wall shall be decermined. This model will then allow study and
optimization of various parameters without 2xpensive trial and error

experimentation.
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Related Work

Theoretical solutions to the problem of interior ballistics have
been attempted since the days of Lagrange who in 1v93 first tried to
determine the spatial distribution of pressure, density and gas velocity
in the tube at ali times after the combusticn, The work available until
now can be divided into two broad categories:

(1) Semiempirical solutions which may have practical utility in
the study of familiar devices.

(2) Exact theories which attempt to include the predominate
Fhenomena up to a certain crder of magnitude by formulating a simplc
mathematical model of the flow.

Semiempirical Solutions

The major works in this area with special application to the
guns using solid propellant are described in references 1 and 2
The main purpose of these works is to obtain a solution which matches
with the experimental values of peak chamber pressure and muzzle velocity
of the projectile. Only a few of the number of solutions shall be
discussed here.

Isothermal Solution. The solution as described by Corner [2] is

based on the following assumptions:

(1) The propellant stays in the chamber burning under the tube
head end (breech) pressure and the rate of burning is proportional to
that pressure,

(2) During the period of burning of the propellant, the progres-

sive cooling of the combustion gases due to the work done on the projec-

tile can be approximated by taking a mean gas temperature over this time
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intervai, corresnonding to an effective mean force constant ).

(3) Uniform gas density and linear velocity distribution in the
space between the tube head end and piston base.

(4) Resistance to motion of the projectile can be taken into
account by introducing an increased effective projectile mass instead
of actual mass.

(5) The covolume n (volume correcting term in the equation of
state of the combustion gas) is equal to the specific volume of the
propellant material.

The expressions for b.eech pressur: P, projectile velocity V,
end projectile distance from breech face x, are given as a function of
"convenient variable" f, the form factor %, the force constant X,
burning rate 8, and central ballistic parameter M. The central ballistic
parameter M itself is a function of A, 3, initial mass and web size of
propellant, effective projectile mass, and tube diameter, The form
factor 6 depends on the geometrical shape of the propellant and the
variable "f" goes from one to zero as the propellant is burnt. Other
parameters, namely A, M and B are chosen following a trial and error
procedure until good agreement is obtained with the experimental values
of peak pressure and muzzle velocity., The solution, however, does not

take into account the heat loss tu the tube wall.

Coppock's Solution [2]. This is an extension to the isothermal
solution described above with the fcllowing modifications:

(1) Instead of taking a mean gas temperature during burning, the
analysis takes into account the kinetic energy of the projectile and that

of the gases, assuming that the combustion gases arec uniform in density

10
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between the breech and the projectile and that their velocity at any
point is proportional to the distance from the breech face. The total
heat loss to the tube wall up to a particular instance of time is
assumed to be a certain fraction of the total kinetic energy of the
projectile and the gases at that instant, In prractice, the effect of
lieat loss is incorporated in the energy equation by a proper choice of
Y (ratio of specific heats at constant pressure and constant volume).

(2) The gases have a constant covolume n, not necessarily equal
to the specific volume of the propellant material.

From the observed peak pressure it is possible to back-calculate
the central ballistic parameter M, and thence the burning rate B.

The solution is supericr to the isuiliermal solution because there

1s only one arbitrary par-meter, namely the burning rate 8, whose value
is selected so that the peak pressure matches the experimental data.
Moreover, the model takes into account the heat loss to the tube wall,
though in a crude fashion.

Goldie's Solution [2]. The solution follows Coppock's solution

described above with the only modification that the projectile is assumed
to be motionless until a "shot-start pressure” is produced inside the
chamber. If there is any resistance to motion at later times, the effect
is simulated by a change in effective shot weight,

Apart from these solutions, there are solutions which attempt to
use a better relationship between the burning rate and the corresponding
pressure, But the solutions -<till need trial and error of one or more
variables to match experimental data. Besides, there is no guarantee

as to how good the solutions will be when prediction of performance of

11
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a new device is desired. Also no information regarding the ballistic
properties 1in between the breech face and the projectile is available
from any of these models. Even a recent publication [3] fails to pro-
vide such informations.

Exact Theories

As mentioned earlier, Lagrange took the initiative to solve the
one~-dimensional problem of interior ballistics in 1793. He introduced
the 'Lagrange approximation" which assumes that the gas velocity at any
instant increases linearly with distance along the tube, from zero at
the tube head end to the full projectile velocity at the back of the
piston. It is further assumed that all the propellant charge is in
gaseous form from the start and at any time the gas density is the same
at all prints, It can be shown from the equation of continuity that if
gas density is independent of position, tne velccitv distribution is
linear; but the converse is rot necessarily true.

In other work, Hugoniot in 1889 used the theory of waves of
fiﬂite amplitude developed by Riemann in 1858, with the assumption that
all the propellant was completely burnt when the piston began to move.
He followed the resulting wave of rarefaction on its journey to the
t1be head end. The method was extended by Gossot and Liouville to
follow the wave as it travels back to the piston after being reflected
from the tube head end., Finally, Love [4] carried the analysis as far
as the tuird wave traveling toward the breech and Pidduck [4] applied
Love's solution in the special case of internal ballistics., But all
these solutions, though completely analytical, hold good under two

important assumptions:

12
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(@) Instantaneous combustion.

(b) Adiabatic expansion of each element of gas.

The assumptions may be applicable for the devices which use gaseous fuel
as propellant, say automobile engines, but for the devices using solid
propellant the assumptions are far from the real situation. In this
case, gradual burning of the propellant must be considered.

Analytical work based on most realistic assumptions has been done
by Carriere [5]. For simplicity he assumed the propellant to be station-
ary in the combustion chamber at the time of burning which is a good
assumption for cast propellant in a rocket-motor. From the basic con-
cept of conservation of mass, momentum and energy, he derived three
partial differential equations expressing gas density, gas velocity and
entropy as a function of time and distance, He transformed those
equations into three ordinary differential equations along three char-
acteristic directions in the time-space co-ordinate. Then with proper
choice of the equation of state for the combustion gas, he followed what
is commonly known as the "method of characteristics" to determine the
gas properties at any time and position. The effoct of frictional losses
and heat loss to the tube wall were disregarded in the analysis.

The problem of heat loss to the tube wall has been studied by
Hicks and Thornhill in England. A fairly elaborate description of their
method has been given in both references [1] and [2]. This work is also
based on the Lagrange approximation of linear velocity distribution and
uniform gas density in between the breech face and the piston.

It can be shown that at high velocity, heat is mainly transferred

to the tube wall by convection, It is also evident that a boundary layer

13
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is formed at the inner surface of the tube. The heat transfer rate per
unit area through the boundary layer :an be given as h(Tg—Ts), where h,
Tg and Ts are the film heat transfer coefficient, temperature of the gas,
and temperature of the inner surface of the tube respectively., All
three quantities depend on time as well as position along the tube.

Hicks and Thornhill considered the flow in the boundary layer
to be the same as the flow over a flat plate. In internal ballistic
applications the flow is in the turbulent region most of the time,
Therefore, they used the analogy solution, as extended by Von Karman to
cover Prandtl number other than unity, to obtain a relation between the
heat transfer coefficient h and wall shear stress L To get the wall
shear stress they first found a "best" power law fors the velocity profile
(non-dimensionalized with respect to the shear velocity /?;755 inside
the boundary layer which was capable of giving the local wall shear stress
T within three per cent of the value that could be obtained by using
more rigorous logarithmic form of the velocity p* file when applied to
steady and uniform flow situations. Then they used the boundary layer
momentum integral, including the terms due to non-steady and non-uniform
nature of the flow, and used the "best" power law found earlier to obtain
the local wall shear stress at all points. The heat transfer coefficient
h is then easily calculated from the analogy solution. They, however,
omitted one boundary ccondition that the boundary layer thickness at the
base of the piston be zero at all times,

The heat transfer in the <ube 'sall has been calculated by using
the differential equation for unsteady heat conduction witi: proper

boundary conditions. For the case studied by Hicks and Thornhill, i.e.

14
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the first round of firing from a cold gun, the curvature effect of the
wall was neglected as the temperature rise was <onfined within one
millimeter of the inside surface, Consequently, there was no heat loss
from the outer surface of the tube which remained at ambient temperature.
The heat conduction along the length of the barrel was also neglected.
Knowing the tube material properties, namely thermal conductivity and
diffusivity, it was possible to obtain the temperature distribution at
the inner surface of the tube along the length at all times. The free
stream values of the gas velocity, density and temperature were taken
from the one-dimensional ballistic solution.

It has been indicated in reference [2] that frictional pressure
drop is small compared to the inertia pressure drop needed to accelerate
the gas. But no analysis until now indicates quantitatively the effect
of skin friction on the ballistic properties. Even the heat transfer
solution has not been fed back to study its effect on the one-dimensional

solution.

Present Investigation

In the light of available theories, it is clear that a good one-
dimensional solution is first required to replace the Lagrange approxi-
mation, or at least check its validity for the particular problem, The
first and most formidable difficulty in writing down the one-dimensional
continuity, momentum and energy equaticns during the burning of the solid
propellant is due to the uncertainty of the relative velocity between
the gas phase and the solid phase. It ias extremeiv difficult to estimate

the drag exerted on the burning solid particles by the accelerating

15
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combustion gases. Therefore, two limiting cases of the solids velocity
have been considered in the present work:

Case I. The 30lid particles move at the same velocity as the

gas phase,

Case II, The solid particles remain at their initial positions

throughout the period of burning.

For both cases the conservation of mass, momentum and energy
results in four coupled partial differential equations expressing volume
fraction of solid Vgs BaS density pg, gas velocity U, and pressure P as
a function of axial distance x and time t., The heat release due to
gradual burning of the propellant is ta.en into account, A typical
propellant geometry, namely a hollow cylinder, is considered whereby
the total burning surface remains constant, although this assumption is
not essential,

The ballistic properties at the internal points are calculated
from these equations after writing the same in finite difference form.
But to obtain the properties at the two ends, namely the tube head end
and the piston base, the equations are transformed into ordinary differ-
ential equations along the characteristic directions, The covolume of
the gas is assumed to be constant, and experimental data for burning
rate is used. As one of the initial conditiovns, it is assumed that the
piston does not start until a certain specified pressure is reached
inside the chamher and thereafter the piston does not experience any
resistance to motion.

The boundary layer momentum integral for a non-steady, non-uniform,

developing flow inside a tube is derived, The profile shape factor d

16




(ratio between the displacement thickness 6* and momentum thickness €)
is introduced and the Ludwieg-Tillmann [6] friction factor is used. As
a first approximation, the shape factor is assumed to be constant in

the present work. The flow is in the high Reynolds number region for
which the boundary layer thickness is small compared to the tube radius.
It is therefore legitimate to replace the free stream values of gas
density and velocity by the values obtained from the one~dimensional
solution neglecting the boundary layer thickness.

The local heat transfer coefficient h is calculated by using
Colburn's analogy [7] between heat and momentum transfer. It covers
Prandtl numbers other than unity and is simple to use, The values of
viscosity and gas density at the film temperature are used. The heat
transfer in the tube wall is computed from the unsteady one~dimensional
(radial) heat conduction equation with appropriate boundary conditions.
The wall temperature is also found as a function of axial distance and
time,

The heat loss term is entered into the one-dimensional energy
equation and a comparison of ballistic properties is made with the solu-
tion without heat loss. Effect of wall shear stress is also included.

The ballistic efficiency of the piston-cylinder arrangement is compared

by varyving different design parameters.

17
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SECTION III

MATHEMATICAL ANALYSIS

é The mathematical analysis consists of two major parts:

(1) One-dimensional analysis with gradual burning of the solid

: propellant, including the effect of heat transfer and skin
friction,
(2) Formulation of the boundary layer problem and determination

of heat transfer to the tube wall.

As outlined in the previous chapter, the present analysis is
carried out for two extreme cases of solid velocity. In the first case,
it is assumed that a burning solid particle moves with the same velocity
as the combustion gases. In the second case, however, the solid particles
are assumed to be stationary at their initial positions throughout the
period of burning. Henceforth these two cases are referred as Case 1

and Case II, respectively.

One-Dimensional Analysis Including

Heat Transfer and Skin Friction

Case 1
The assumptions, other than that regarding the solids velocity,

which are made to simplify the model are as follows:

(1) At any instance of time, the linear speed of burning r g4
b

same for all the solid particles and it is a function of the

18
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average pressuve in the chamber (space in between the tube

head end and the piston base).

(2) The solid propellants are single perforated circular cylin-
ders in shape whereby the total burning surface remains
constant during the whole period of burning.

(3) The burning rate is fast enough to consider that the temper-
ature of the remaining solids at any instance of time remains

constant at the initial temperature,

(4) The propellant material is incompressible and its coefficient
of thermal expansion is negligible.

(5) The piston starts to move only when the chamber pressure
reaches a certain value Po’ and thereafter the resistance to
its motion is negligible compared to the pressure force
exerted on it by the combustion gas.s in the chamber.

The conservation equations are as follows (for derivation see
Appendix I):

Solid continuity:

v v

s U s ol .
ot + X + vs ox + vdS =0 (1)
Gas continuity:
3p 3p o (p_~p.)
g 4+ oU S 8 v (2)

5t TR T v Vd
s s s

Momentum:

19
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._a_l.J..’.UéH:—}-——a—g-—-—Y- (3)
at X p_dx p R
m m
Energy:
Dh bh
—8 - —& _DE
vsps Dt + vs) pg Dt Dt
p 2hi ZTWU
BRI T W P “

where Gd is the volume rate of decrease of solids per unit cylinder

S
volume and is given by:

Sbt vs(x,t)rb
. - \
vy (60 = AT (5)
] P P
v (x,t)dx
s
o
The eyuation of state of the gas is:
P - =RT
(vg n) .
or,
PG - n) =R T (6)
P 8

-4

where the gas constant R8 is obtained from the ratio of the universal

gas constant Ru and the molecular weight of the gas M.
It has been shown in Appendix I that under assumptions three and

four as stated earlier, the differential of enthalpy of solids per un.r

20




mass h_and the differential of enthalpy of gases per unit mass hg can

be given by:

- L
dhS = 5 dP N
s
(y=ne )
dh = ——8_ dp ~ —12
‘s Og(Y‘l) (Y"l)pg‘ dpg ®)

Substituting equations (7) and (8) into the energy equation (4):

(l-vs)(l-jfg) P _ fl-vS{IE,EZE
(y-1) Dt (Y-l)pg Dt

P .
=p (W+—=h)v
s ps g dS

2h 21 U
R Y _w_ (9)
R T Tw,i) R

Dp
Using gas continuity, i.e. equation (2) to replace BE& in equation

(9) the final form cf the energy equation becomes:

(1-v ) (=np ) YP(p -p )
s g Qg IP ég _ 8 .
G- bt ¥ o-1) ax -—(Y-r)“p-:— Ya_
2hi
WG oYy - (T, )
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or,
2h
3P , 3P 1 . 9
at * ng * BI ax CI d LI R (T Tw,l)
2TwU
+ EI -r (10)
where
yP
B, = 752 - (11)
I (1 vs)(l npg)

P
P(p - -1 —_——
Y (oS og) + )osog(w + o hg) w2
€ = o T(1~v ) (I=np )} —
g s 8

" (y=1)
E; = (=) (-0 ) (13)

The initial conditions of the conservation equations are:

Position of the piston, LP(O) - L0

U(x,0) = 0 P(x,0) P0 ; T(x,0) = To ; pg(x,O) = p

8o

(14)
and vs(x,O) =

3
<

at 0 < x <L

where Po is the pressure at which the piston starts to move, and To iz the
adiabatic, stagnation flame temperature of the propellant. By knowing Po

and T, it is possible to determine pPOfrom the equaticn of state (2.6):

Ny
(%]




P — (15)

Neglecting the initial mass of air in the chamber, a mass balznce gives:

ms. = v, Vops + (l--vS )Vop
i o o o
or,
(mS./Vo) -p
o =i : (16)
s p.-pP
o s "8,

(mS /Vo) is called the "loading density."

The boundary conditions are:

at x = 0, u(o,t) =0

and (17)

at x = L, U(Lp,t) = Up(t)

The piston velocity Up(t) is obtained from the equation of motion

of the piston, which under the aszumption five takes the following éesm:

it % T M (18)

The position of the piston is obtained from:

23
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The unknowns, and the corresponding equations from which they

can be calculated arce listed belcw:

Unknown Fauaiion
Volume fraction of solids, Vg Solid continuity, (1)
Gas density, pg Gas coatinuity, (2)
Velocity, U Momentum equation, (3)
Pressure, P Energy equation, (10)
Gas temperature, T Equation of state, (6)

The conservation equations, i.e. (1), (2), (3) and (10) are

written in finite difference form, and a numerical scheme which takes
into account both forward and backward space derivatives are used to
calculate the corresponding unknowns, i.e. Vg pg’ U and P, at all the
interior points at an advanced time by knowing the present values at and
around those points. The gas temperaturzs, T, is then calculated from
the equation of state (6), The details of the solution technique
shall be discussed in Chapter IV.

The above solution technique, however, is not applicable to the
boundary points, i.e, the piston base end and the tube head end, as space
derivatives on both sides of thesz two points are not available. This
necessitates the transformation of the comnservation equations tc ordinary
differential equations along characteristic directions, i.e. to follow

the "method of characteristics" [8].
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P-U Charac .cistic., The energy equation (10) is:

2hi
C_.v, -E X (T-Tw )

aP 3P U _
I 9x 1 ds I ,1

3-E+U'B';£+B

2t U
w

+ E

Multiplying the morentum equation (3) by an arbitrary constant A:

27
3P 3 W v
x P Mnae Tl T T R (20)

Adding equation {(20) to equation (10):

[P 9P Pl U
L-a-t— +UR) gl + e gp+ B+ e U

Zhi
= ¢ "ds - B 0T, )
2tw
+ T [EIU - )\] (21)

To obtain the characteristic directions, the value of A shall be such

that:

de 1w
1 R
dx U+ dlikme

A

1,2 =t Byley (22)

25




Dividing equation (2.21) by Y1+ U+r)2  and using

1 3,y

3
VIFUENZ 0t R GEnZ %% dnsg

o e———

where n corresponds to A} , i.e. positive sign of ), and ¢ corresponds

to A», i.e. negative gsign of ), the equation (21) becomes.

dp + v _ 1

I

= C'
dn, © "1,2°m dn,E TR l_IVds

2hi er .]
"By (T ) g (BN @23)

Now,
an g = /(Ax)Z + (A)Z = ot VIF(U+n) 2 (24)
. dt 1
Therefore, along n-characteristic, i.e, WS T ="
U+ VB /p
I""m
2hi
AP + P /Bl7pm Ay = [leds - E.I X (T-Tw,i)
+E-‘1(£U-/B/ )] At (25)
R I 1P
and along {-characteristic, i.e. -:—)% S :
U-"B//o,
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2h,

VB 7, = s - 1 ¢r-
P - p_ BI/pm AU = [:CIVdS EI R (T Tw’i)
2Tw
+ R (mIU + YBI/Dm)] ALt (26)

P—937Characteristic. By rearranging equation (9),

P

3 3 1- 2 h - — -

__p.g. + U’f'g' = M 9P + U..a._I.). + (Y-l)psp ( g8 Py W)

ot 5% YP t | Cox & ¥
(1-v )yP d

s s
(v-1)p 2h 21 UJ
g i, __Ww
+ (l-vs)yP [ R (T Tw,i) R (27)

Dividing this equation by Y1+U7 and using,

1 5 ,_U 3 _d

+ — ==

T A
and

ar = Y(0x)2+(At)2 = At V1+U%

. dt 1,
along a particle path, i.e. ix - U

P
(h =--—-W)
p (l-np ) (yv=Deo.p_ 2
pp = B——B  ap 4 58 S v, At
8 YP (1-v_)yP d
s s
(y-1)o [Zh 21 7 i
- i - My (28)
+ (l-»s)yP R (T Tw,i) R J At
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vs-pgACharacteristic. From equation (2)

(I-v ) rdp 3p (p_~p )
U _ s |_8.,.y-8 _s &g .
1 ox pg [at k Uax J + pg vds (29)

Substituting this expression for %% in solid continuity (1):

oV v v (1~v ) tp ap v p +(l-v Jp
s s __S s 8 B 8"s s" gl . -
it 3% Py [at T Uss ] + [ Py ] vds 0 (30)

Proceeding in the same fashion as for the P~-p8 characteristic, one

obtains:
Along a particle path, i.e (1 L,
g ap p s L8 T TT Y
v (l—vs) P
A\)S = ‘-'S—‘;——'—- Ap - '5“' \'Id At (31)
g & g s

The procedure of soiving the above characteristic equations ar~s discussed
in Chapter IV.
Case Il

In this case the solid propellant particles are assumed to be
stationary at their initial po=itions throughout the period of burning.
The linear speed cf burning LI is same for all the solid particles and
is a fu::ction of the average pressure in the space between the tube head
end and the initial position cf the piston Lo. The rest of the assumptions
are the same as those for Case I,

The conservation equations in this case are (See Appendix I for

derivation):
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Solid continuity:

% Bvs
{ . — 4 v, =0 (32)

(o>
t
(=W

Gas continuity:

p 3p (p ~p ) p U 3y
..__.g.+ + p -a—gg S v +___.g.___..“_.‘§. (33)
ot 3% g ax (1-v ) 'd (1-v ) 8x
s s s
Momentum:
p U 21
ol U 1 09P [ . W
St Yy TR (34)
t ox pg ax (1 \)s)pg ds (1 vs)pgR
Energy:
Dh 2
- B _ (v )22, P LU e
(1 )s)og D Q1 vs)Dt ps(w + o +3 hg)vd
s
Zhi 2TwU
-y T, PR (35)

As noue of the solid partir.les moves beyond Lo’ Vv, can be expressed as:

d

(36)
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The same equation of state, i.e. equation (6) is used and by succes-
sive use of equation (8) and (33) the final form of the energy

equation (35) becomes:

B. .U o9dv
- C .3 II S

3P , . OP U . Vs
II'd  (I-v ) ax
S S

e T U T Bkt

2hi 2t U
=By (T ) B R (37)
where
N ¢ 2
Bir = Gon) (38)
g
2
p U
W+=—+>5-h)
P(p - + (y-1 2
. - Y (osi&) (v )fsp Py g (39)
191 og{(l-vs)(l-npg)}
E = E (Y"l) (40)

I 1 (1—vs)(l—npg)

The initial and boundary conditions are the same as those for Case I,
The characteristic equations are also required to calculate the ballistic
properties at the two ends.

P-U Characteristic. The procedure is exactly same as Case I, Multiplying

the momentum equation (234) by an arbitrary con..ant A, and adding to

the energy equation (37) one obtains:
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3 9P 3U 3U
[Bt + (U+x)axJ + [Apg =+ (BII+AogU)ax]

ceo 4 BIIU Svs _, pSU .
I1 dS (l—vs) ox (l~vs) ds

2h 21

R Yo A .
"B RO R [EIIU (1—vs)] (41)

The characteristic directions are such that:

de _ 1 _ M
dx U+A BII+Ang
By o 42
)\12=i—1-:£='.". *—(-:TY-:;-)—"_a (42)
’ pg pg pg

From solid continuity, i.e. equation (32)

S
ot d (43)

B_ U v
By adding and substracting ?I:G—YTEIXT 5;2 on the right hand side of
]

equation (41)

3P 2P o ou
[SE + (u+x)3x] +pg [EE + (”+*’ax]

i} BIIU [ Bvs N (U+X)j:§1 ) BIIU Bvs
(l-vs)(U+>\) ot ox J (1-vs)(U+>\) dt
p U 2h 21
o \ S N i _ A
R e T o e I [ (l°“s)J
(44)
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Dividing equaticn (2.44) by YI+(U+1)? and using

13, (w3
VIFGAYZ %t Armen?

lo.

(=N
Y

Ns

yields the relation:

. B_..U dv
dP + 2 du I1 s

dn,e 1,2 dn,E @T-v,) (GFh) dn,z

T
psu B._ U

— [{Cn' Gt o Y
V1+(U+r) 2 Vs s s
2hi er A
“ErR Ol Py Bl TF\T;')'}] 4
Therefore, alon -characteristic, 1l.e QE-- 1,
! gn P T dx Uta
B__ U

I1
AP + pg a AU (1'V5) T+a) Avs

psU BIIU -
+ [“11 - a a-v) + (1—vs)(U+a)_I "ds At

2hy 2t a '
- LR (T-Tw’i)At = [EHU - -————(l_vs)] At (46)

dt 1

and along £-characterlstic, i.e. I " Uoa
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BIIU

AP - & e
P pg a AU (l-vs)(U—a) Avs

psY BygY
+ + v
[Cu v + (l-vs)(U—a)] Ya_ At

2hi 21

II R

w

a
- E (T-T, Pt + 5~ [EIIU + TE:G;Tj At (47)

P-Po Characteristic., Using equation (8) 1in equation (35) an alter-

native form of energy equation is:

3p ap p (1-np ) oy
_& 4 8 =-&__£_Pz+mz
ot 9x vP 9 axy
2
P U
-1 h = W= — = =)
(v )psog( g o 2
+
(l-\)sﬂp vds
(y=1)p 2h 21 U]
B 1ime - 48
AP [ R (=T, ) - % (48)
S

Proceeding in exactly the same manner as for Case 1, along a particle

dt 1
path’ i.e. '5; _—U .
2

p U
-1 S S S
p(1=np_) (=Lo oy (hy g 2 )
Ap = _ﬁ.__.s.. AP +

At
8 YP (l-vs)yP d

o

(y-1)p 2h 2t U
i w
* (1"’3)% [ R (T'Tw,i) TR } at (49)

33



T

é
t

Vg at the piston base is always zero after the piston starts moving and

Vg at the tube head end can be obtained from equation (32) alone.

Boundary Layer Analysis

The boundary layer part of tii2 entire analysis did not receive
much attention in the past because of the nonsteady and nonuniform
nature of the free stream flow. The flow is generally in the turbulent
region with pressure gradient in the direction of the flow and a large
temperature difference across the boundary layer. Also, in Case I a
gas-solid mixture flows down the tube; hence the analysis is more
complicated., A number of attempts [8, 10, 11, 12] have been made in
the past to model the mechanism of heat transfer in a gas-solid mixture
with warious solid particle sizes and loading ratios (ws/wg). It has
been found that the effect of the solids on convective heat transfer is
prominent for micron-size particles wheizas for millimeter size the

effect is not appreciable. The present problem deals with the solid

prope'lant of millimeter size and most of the time it burns out completely

long before the piston reaches the end of the tube. It has also been
found from the study of Hicks and Thornhill [2] that the boundary layer
thickness is small comp-red to the tube radius. Therefore, to simplify
the model, it is assumed that the solids always stay in the core of the
flow and never enter into the thin boundary layer at the wall.

In the present study, an integral approach is preferred to a

differential approach to keep the model relatively simple and tractable.

The boundary layer momentum integral for the nonsteady and nonuniform

compressible flow inside a tube as derived in Appendix II is:
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) R , [ R R 3U_
Y [ [p(U(;u)r er + = |. /pu(Um-u)r dr] + fp (U _~u)r dr e
R-§ R-6 R=¢
2 U aU
§ JP
”(Rd'i—)[‘;“’f ot Pele Bx]
+ TR (50)

*
Defining §

Displacement thickness

]

and o Momentum thickness

such that,

R R
pr°° Jf 2nr dr = Jrlp2nr(um-u)dr
R-8%* R-6

or,
* 5* R
peU RS (1 - 5) = fpr(Uw-u)dr (51)
R-8
and
R R
2 [ [
pfbm 2rr dr = ] p 2nr u(Uw-u)dr
R=0 R=-3
or,
2 : K (52)
ofUmRB(l - 5% ° /ﬂp u r(U_-u)dr
R-§

*
and using the definition of the profile shape {actor H = %— , and for

$ 8
a thin boundary layer 7R << 1, T

equation (50) becomes,

<1, %ﬁ << 1, the momertum integral
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=y

; 31w el 4 2l o2 Ve
at[" fLmRH] + —a—x-[p waRG] + (0 (U, RHO)z—
!
4
+p 3 au
= RCS[E; + Pe 3t + pr30 e J + TwR
4 or,
aU ap
30 oH © f 2,96
prwRHEE + prwRGSE + prHG§?~ + UwRHGSE— + prmR§;
3 9 apf 3u
+ 2 onoReT);_ + UOORO'B;(—' + ofUmRHB‘a‘;(—'
oU U -
3P o o |
= RS [3; + Pe st T prwax + TwR (53)
Dividing equation (53) by p U RHO :
190 1om, 1 Yo 1 e Yage 2% U g O,
9 ot H ot u_ ot Pe t HO 9x  H ox pr X X
U ou T
-t ] . m]+ L1 (54)
prwHG Lax f ot fw 9x prmﬂe

From the study of steady compressible turbulent boundary layers by
Reshotko and Tucker [13], it is likely that for moderate Mach number

flow encountered in this problem (M < L.5), the percentage change in

the shape factor, i.e. %-%% , 1s small compared to the percentage change
in momentum thickness, % %% . As a first approximation, therefore, the

shape fartor, H, is assumed to be a constant. A more rigorous approach

would be to derive another auxiliary equation, say moment of momentum
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integral [14] to obtain an expression for %% . However, derivation of
such an equation for the nonsteady case is extremely complicated and
therefore neglected in the present work.,

For thin boundary layers, U = U ; T =T and the film

«©

temperature,

T, = el (55)

The gas density at the film temperature, Pes can be evaluated from the

equation of state (6), and the final form is:
T
e
Tf g

bg = [1 +nog(—% -1):) (56)

Equation (54) finally becomes:

e w20, woF1 % v Pg 10u, @) u
ot H 9x prH pf ot pr Ix U ot H 9x
§ [P 3U 35U
6 [ae 3y 57
+prH 5% | Pg %*"f%ﬂ 57)

The initial condition is: 6(x,0) = 0.

The boundary condition at thce piston end is e(Lp,t) = 0, which is
obvious from the fact that all the particles at the piston base are at
the full piston velocity 211 the time. The condition at the tube head
end shall be established later.

It is assumed t at the entire flow is in the turbulent region

and the wall shear s ress can be obtained from the Ludwieg-Tillmann




friction factor [6], which was developed from a series of experiments

with atl types of pressure gradients. The origiral expression which

bt

holds good for incompressible flow with small terperature differences

across the boundary tayer is:

T pJ&S_
; €. = ¥ = 0.246 x 1070-6788 [F==",-0.268 (58)
£ /pruw Hoo

In the present work, the expression is slightly modified by using
the fluid properties (p, k) at the film temperature, T., instead of the

-

free stream temperature, T_, to take into account the effect of property

variation across the boundary layer. The expressions for local friction
coefficient, Cf, and local shear stress at the tube wali, T, used in

the present work are:

Cf = 2A 1 5
(Ree)
(39)
T = A prz 1 3
v (Re,)
6
where
p Ub
0.123 f
A= —— B = 0.268; Re, = —
10O.678H ¢] Mg

Using the above expression for wall shear stress in equation (57), and

multiplying equation (57) by (1+B)6B :
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and at t = 0, O = 0, This implies that at the tube head end, 6, i.e,
momentum thiciness or boundary layer thickness is zero at all times.
The equation (60) 1is applicable to both fase I and II for

computing momentum thickness 8, and thence the friction coefficient,

39

B
u
30 _ _ U230 2t a-p)
1 T L e
°f
| S (L2, v e 1o aw2) au
p,. ot p . H ox U Jat H ax
f £
R N 1 1
+ (1+8) Cl O{;fU 9x + U ot + 3XJ (60)
vhere
1 |
O = 8(1+B) or, 0 = 0(1+B) |
and, (61)
§
c, = —
1 6*
At the tube head end, U = 0 and the equation (60) becomes:
ap ap
L 1 f U £ 13U (H+2) dU
ot (345) O[pf at + pr IX + U 9t * H ax}
' (1 2 1au . gul
—_— e 28N, (62)
I +(1+B)GC1L°f x*U't*a—l
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Cf, at each station in the axial direction at each time step.

Heat Transfer Analysis

As the flow is in the turbulent region, the analogy between the

momentum transfer and the heat transfer provides the easiest way to

determine the heat transfer coefficient, hi’ at the tube wall. Because

of its simplicity, Colburn's analogy [7] has been used for Prandtl

numbers other than unity as follows:

C
2/3 _ °f
St Pr = 5—
or,
C
f 2/3
hy ;er.p (2 ) /Pr (63)

U e
where Pr = (—E—R) and all properties are evaluated at Te.
g
The heat transfer in the tube wall is considered as a one-
dimensional (radial) unsteady heat conduction problem in a hollow

cylinder, Longitudinal heat conduction is neglected because the tem-

perature gradient in the radial direction is expected to be steeper

by several order of magnitude than in the axial direction., The differ-

ential equation can be written as [15]:

(64)

The material properties will be assumed constant with respect to tem-

perature. The boundary conditions are:
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1" oT

- A = - ..—._.-w
at r = R, 4; hi(Tuo Tw i) K 3%
r=R
"n aTW
= a = X - = - ——— 65
at r Ro’ 9 ho('lw,o Tamb) “w 3r =R (63)
o

at t =0, T(r) =T

It is possible to solve equation (64) numerically and obtain the
temperature at the inner surface of the tube Tw,i at each station along
the tength of the Lube at each time step., The local heat transfcr rate
to the wall per unit surface area is given by hi(T-Tw,i)’ and integrating
over the entire surface and the time, the total heat transfer to the

tube wall can be determined. The values of local wall shear stress T
heat transfer coefficieut hi’ and inner siarface temperature Tw,i as
calculated from (59), {63) and (64) are used in the one-dimensional

analysis for the subsequent time step.

Non-dimensionalization

Before proceeding to the solution technique that can be applied
to solve che equations derived so far, it is advantageous to non-
dimensionalize the equations to obtain a general solution for the geo-
metrically similar devices with the same initial conditions. The non-

dimensionalized parameters are:

Axial distance, x' =X
Lt
Pressure, pP' = P/P0
Temperature, T' = T/T
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Density, p' = plpo

g
o
i ' = =
Velocity, U U/Uo Uo VPo/pg
Uot o
Time, t' = T
t
Linear speed of
burning, rg = rb/UO (66)
It can be noted that:
U I v r U
s =0 t sb_|_._o 4 (67)
Ya_ T I [(Ap ) oy J‘ L, 4,
v dx!
s
(6]
t (e '
P Pl (y nogoog) P
h = —— h!
g p o' (y-1) D g (68)
8o 4 o
R T P | Pg RT P
W .. 8o _ .o o _go T (69)
(yv=1) o P (y-1) P
g8, o g,
2 1 ie2 1
E* Apgl (Reo)B =P A U (Ree)B (70)
and, np is a constant non-dimensional quantity.
o
Finally, non-dimensional forms of the conservation equations are:
Case I
Continuity of solids:
oV 3v '
_Ss ' s al s
TR AR AT (71)

Continuity of gases:
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3 ' 3 ' ' LI !
p + U' pg + pg aul - (pS pg ) \., . (“0)
at’ x! (1-v ) 8! (1-v ) d /e
s s s
Momentum:
2
lu'
U’ SU" 1 ap' Pg 1
Everiil Ul dE s Siver Sl U0 g B (73)
ot ox P P 1 P (Ree)
Energy:
aP' 'aP' |8U' [} [J 1
ot! + U oax! + B, x! CI ds
of'U'3 76
- D,'E'h.(T-T ) + D.'L!
2 i W,1 1 (Re )B
0
where,
1 _ YP' 75
By (I-v ) (A=np_p_") (73)
s g, &
P
wl 4+ —— - h t
YP' (o 'ep ")+ (v=1)p_'p ' p ' g)
¢ = A Tmoa 7 78
I 1-v )(1-rp o
°g s g, 8
' = (y-1) (7n
- (-v ) (QQ=np_p_"
s g, &
L
D' = 2A(z5) (78)
1 R
L
n,' = 2(H pf] (79)
o0
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Equation of state:

1-np !
o ( g og )

p (l-npg )

Characteristic equations:
|
Along n', &' characteristic, i.e. gi, = 573 L
_l/BI ! /pmi

1 ] 7 ooty 0t - 'R - 1
AP' % o BI /pm AU CI vdS At D2 E hi(T Tw,i)At

'U'Z
At!

— P

0" |V F AT | L
1 I ""m B
(Regy)

de' _ 1
Along a particle path, i.e. FrUiE T

(y=L)p '
v - ot ' te  tpt ' - '
dp ' = G' 8R! +H vds at' +D, [21:3;7537] hy (T-T, At

3
_l 1 lul
_D'[(Y )og'}iﬁ o
1 (l—vs){P (Ree)B

where,

p "(I-np_p. ")

o . B g, 8
YP'
Pl
h ' - W -
(=10 "o v € g EZ?O
H.' = g

1
I (1=-v )P

(80)

(81)

(82)

(83)

(84)




T |
Again along a particle path, i.e. %ﬁT =‘%T R

v (1=v_) p!
0.
L e R PR (85)
¢ g g s
B
“{ Case Il
# Continuity of solids:
3
Bvs
EA AL T (86)
]
Continuity of gases:
9 ! 3 ! v (') p 'U' 9v
g 1 g 'aU = S g . ] g _'_§_
at! +U ax' t+ pg ax! (l—vs) vdg + (1—vs) ox' (87)
Momentum:
2
2U* au" 1 ap! o0 ' pg'V’
Tt U T T ST T T (T e Va "D Ay, T e (88
Pg s'"g s s’"g T8
Energy:
B__'U' v
ap' '_§P' '::J-_ - 18 [ II _.j_
s T U B T Y Yy W
3
p 'U'
£ (89)
- et - tpt_
D2 E hi(T Tw,i) + D1 E B
(Re,)
where,
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YP'

L S,
Brr T (-ne, p") (90)
[}
2
e B U
o YR o ') 4 (Y‘L)DS'Qg'(w ¥ o' YTy
IL p {(1-v )(1-no_p_")}
g s 8, &
(91)

E', Dl', and D,' are given by equations (77), (78), and (79), respec-

2
tively. The equation of state for the gas is also same as equation
(80).

Characteristic equations:

t
Along n', &' characteristic, i.e. g;, = 1 :
U'+/B /o ¥
11 g
B_.'u!
AP'%p '/BII'/Q T AU = Il Avs
& 8 (Q1-v )(U'/B_T/p 1)
s II g
— o ' B__'U'
+ [CII'+ Bry/e (i-v y t 1 ] v, et
8 @ Q)BT ] s
- 1t B '
D,"E'h, (T-T_ )4t
P 1[['2
+D. ' EU'F 1 T £ At (92)
1 (1-v.) I1 g
s (Re,)
de' 1
Along a pai.icle path, i.e, Fruli g
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(y=-1)p '

Ap ' = G' AP' + Vet AL + v B _ 1
pg G' AP HII vdS At D2 [(I‘VS)YP'J hi(T Tw,i)At

vy 3

(x-L)p ' 7 o 'U
- . L' g At? 93
1 [(l—vs)yP J (Ree)B (93)

where
2
p' y'
LI ! e e o e
(v=Do_"e '(hg W p_' )
B '=s .—-.5_ & S PPN
11 (l—vs)yP' 4y

Boundarv Layer Equation

Using the non-dimensional momentum thickness, 6' =-% and all
the non-dimensionalized parameters listed in (66), the boundary layer

equation (460) becomes;:

(i=
B0 U ety
at' H ox' H'R %o UOR pf’B
0
r 3D 4 v do.! ' st
1 %Perwr %Pr 1 gt He2 30
- \o! =
A [P PUR TURPAT UMM TR TUR I
oL 9t 1 du' . au
+ (145)C0 l ST Bt T e (95)
where
1
ot = g {1¥B) or ot = ot H (we?
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2 v g v

' and P' are taken from the one-dimensional solution

;
g Now U'
‘ ’ Pg
5 and pf' is obtained from the non-dimensional form of equation  (56)
i
; il.e.:
27
7 '
\THT )"g
pg' = 5T (97)
f .
+np_ b - 1)}
[ 8, g T+Tw,l
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SECTION IV

SOLUTION PROCEDURE

Solution of Interior Points

As there is no analytical solution to the set of coupled non-
linear partial differential equations derived in the previous chapter,
numerical techniques have been used to solve the conservation equations
along with the boundary layer momentur: integral equation and the equation
of state of the combustion gas. The differential equations are written
in finite difference form and MacCormack's version [16] of Lax-Wendroff
two step method [17] is followed. The procedure is shown by an example
below:

Let,

ou Ju
3t % ax : (98)

where ¢ is a constant.

Equation (3.1) can be written as,

~n+1 . - C_QE (un _ un)
3 Y17 a7 Y
an+1 - un - c-AE 6n+1 - Gn+1)
J Pk Tl (99)

and finally,

un'f']. =k an"‘l + an+1
] b h]
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~0t+l n+ . . - +
where u and Gj 1 are the first and second estimated value of u? l.

h|

The integer n, and j denote the time and axial position of a nodal point

shown in Figure 2, If ¢ is a variable, i.e. c(u), E(ﬁ)?+l is used in
E the second » .imation of u?+1. It can be recognized that both forwara
and backward space derivatives have been taken into account.

Case I

Using the MacCormack scheme, the non~dimensionalized conservation

equations, i.e. (71) through (74} can be written as:

~ntl _ n ya bAt' n ny, __nb4t' ,.n I
vsj - vsj -v j E;Z (vsj+3 Vsj) vs4 A é U j+1 vt
.
- [;,d .]n At' (100)
s J,
J
~ 'n+1 .n |I\ At_: ( 'n N 'n
ax! )
g j g j j o & j+1 4 j
o '" G "o '™

g At! n \n 8 A S
- —(—l—:\)—e{)— 73—;; (U'j+1— U j) + —(—;\)—-;)—i— [V ] At (101)
S s

S J

3

~ ntl n n At n n
urtt o Ut - U - U
3 3TV RS Wy -y

1 At' ,_.n \n n .,
- Om' Axé (P j+l P j) ULF J ot

3

(102)
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Figure 2, Numerical Scheme for Interior Points
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Figure 3, Scheme for End Points
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i ntl _ o.n it ,o.n 0y Ly n Lt w0 _yn
i Pj P ij(')(Pj+1Pj) Ijbx'(j+]l)
E +oCt ™ o Maet o EYRoproan ®oa
I, "ds 2% 53¢
j
+ E' " pcF " ac! (103)
i h]
{ where,
S
b v r!
. t s b
Vd ' = A T {104)
S p p\) dx'
]
(%]
" = hi('lf-'rw i) (155)
,’:' -12
ULE D] L (106)
pm (RE 7
o}_U'3
PGF = Di T-Re g Qon
(Re )

Thus, for all the nodal points (except the last point adjacent to the
piston base) the first estimation regarding the ballistic properties
after a time increment At' is made by knowiag the present values of the
properties at the point of interest and at its forward nodal point. The

second estimaticn is done as follows:
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* n+l '~ ~
m n U,n-!-l At o n+l_v n+l

85 Vs, i  ax' Vs

j o %5 F31

_ > n+l At (U,n+1 U,n+l

)

) ~ v,' e

A 1
sj X, 3 j-1 ds -
J
<+l ~ ot '~ ~
pé_ - pén - U'? 1 %&T ( én+l _ pén+l)
J j o J i-1
5,n+l (p,ws,n+l)
8. ' -~ s g.
At n+l +1 i .
- ixr U 'n)+ oy i PO L
(1-Vs ) o (1-v ) s
3 ®3 ]
U,n+l 't ﬁ,n+l at! (ﬁ,n+l U,n+l)
j J 3ooaxD g j-1
1 At n+l n+l n
- —— = (P - P ULF . At'
51n+1 Ax; h| i- l) J
m,
J
Hentl n n+l At' n+l_ 5,0+l
Fr . ptl o g P! B
j 3"V e g Py
Bi n+l g&_ (0.n+1 L,n+ ) + C' n+l o n At
j X h| j=1 d
j S
h|
gr o py &% a4 E' T por e
3 ] J J

and {inally,
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o

i &5 k
= -
J Lo J b
P,n+l - FP,n+l + P,n+1 (115)
3 ] 3

From the equation of state (80):

yn+l

ntl (l-np )
ol P! o &y
h| yotl (I-np ) (116)
p g
g o

Similarly, to calculate the momentum thickness at a nodal point after

increment At', equation (95) is written as:

(1-8)

+1 U'? at! !U';|
provl o"j’ - -ﬁl 2 w0 - 0™ + D! At

i x; #*1 7 3 [pézJ B

- u'? '
~ (1+B) O'; [%—n- (o%nﬂ- o%n) + —-'Lﬁ 2; (p p%n)
£, h] b Ho ¢ j J 1 ]
£V _NM N =
Natihs I n+l N H+2 } At' 4n an
+—l';-'-n—- (U'j - U J) + m Cl ~u o + (U j+1 -U j)J
3
n “ at' m un (117)
' p' p?
+ (1+B) O _TK;TH Ax (r j+1 P j)
fj j

54




TR T e

where
n
AL “fi B
! =
D} (1+B)% ( )(p T R (118)
8y ©
taking
Tf m
Uf = Ug (Tr_) s (119)
oo

m being a suitable constant.

- ~ o+
The densities p%n and p%n 1 are calculated from equation (97)

J
with the assumption,
T n+l T B
& =@
f f
3 3
again,
ooy (1-B)
Ml (U'?H')
o0+l g0 at' yntl  =ontl ' '
o Oy~ axr Oy~ 0D Dy oy At
o] (Of )
3
Santl
_ ~ o+l 1 Syl n i At ,n+1 ~,n+l
(1+B)Oj 1 Pf pg ) + = ot Ax’ (o ey )
_Pf j j pr 0 J j_l
3 ]
(1-c,) . 7
17 2 ,n+l ' &*2 Tl Sontl
t = i (hrl v | - j) 5 Cl} Ax (v J v 3= I{J
3
ntl G s’ [Sonl 5 bl
' —_— & ] - Pt 2
+ (14B) O § otLne A;;— Pj Pj . (120)
pfj j
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finally,

o™t oy gt gentd (121)
h| | ]
and,
1
6,n—f-l - 9,n+l (1+8)
j i, (122)

+
The heat transfer coefficient after time At', h o+l can be calculated

i,
]
using equations (59) and (63) . The new inner surface temperature
Tw in+l is obtained from the solution of equation (64) using the mean
o1,
J
heat transfer coefficient,
n n+l
hy, s
RSN I R
hm 2

The same procedure is followed for Case II starting with appro-
priate conservation equations, namely equations (86) through (89),
same equation of state (80) and boundary layer momentum equation (95).
The only points of differences are: (1) no solid particles beyond L;

and (2) the burning rate r, is chosen corresponding to the average

b

pressure in the space between the tube head end and Lo.

Solution for Boundary Points

It has been stated earlier that to calcuiacte the ballistic proper-
ties at the tube head end and at the piston base end, one needs the
characteristic equations, Typical characteristic directions are shown

in Figure 3. Llet, at any time t', the piston be at position 1 with
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velocity U; 1° Its position and velocity after time At' can be calcu-
1

lated by using equations (18) and (19) as follows:

1
u! U! o+ (a_ At
P2 psl U (2, 40)

and
AL' = L U At + % a (At)z
P L, ,1 ‘% (123)
where,
P n A
ap = ~E*§;—2 (Pp,m is mean of Pl and PZ)

Then the n'-characteristic is traced back using the appropriate expres-

sion:

for Case I: Ax' = (U'+VB£/pé) at'
(124)
for Case II: Ax' = (U'+VBiI7pé) at!

The point X is thus determined and all the properties are interpolated
between the nodal points in each side. Pressure at point 2 is calculated

by applying equation (§1) for Case I, and equation (92) for Case II,

B!
1 o
' o " st —— i =U') + ¢! '
for Case I, Pz Px o] D' (UP,Z Ux) CI V’ At

plul

f
- D'E! - ! ' /R /A"
DZE hi(T Tw,i)At + Dl 'E U /BI/pm]
{Re )

0
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for Case 1T, P! =P! - pé VBY ot (u' .-U')

oy Ty o5 K
s It pg

v ot
BIIU

pl f
+-fc‘ VBT JoT fey S +

v, 'At!
(1-v) (l—vs)(U’+/B£I/pé)J I

- D! - { ' 1t
DZE hi(T Tw’i)At + Dl [E U

2
ti1?
pr At!

(Ree)B

1
(1-v))

Bil/pé:

(126)

The gas density and volume fraction of solids at the new base point 2

are determined from characteristic equations along a particle path as

follows:

for Case I and II,

' a At - ' 3
og,Z pg,l + G (P p! ) + Hl II d
for Case I,

v (1=v ) p;
Ve,2 T V%,1 T T o 2,0 T 5T
’ ’ g g B> g

for Case 1I,

Vs,2 = (
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For both points 1 and 2, the momentum thickness is zero, which implies
that both friction factor aand film heat transfer coefficient at point
1 and 2 are infinitely large. Therefore, the last two terms of

% equations (82) and (93) have been daleted while writing the
equation (127) For the same fg?gon, in equations (125) and (126)
the values for hi(T—Tw’i) and %%ggyg are taken corresponding to the

nodal point adjacent to the first base point 1. All the cocefficients

used in equations (124) through (128) are mean values between point
2 and X or point 2 and 1 depending on the characteristic used. The
properties at point 2 are first assumed to be the same as point 1 and
then iteration is carried on until the values converge within the
specified limit.

For the tube head end,

U3y = Uév =0 (130)

and the momentum thickness and heat transfer ccefficient are also zero,

The £'~characteristic is traced by using,

for Case I: Ax' = (U'-VB!/p') At
I""m
(131)

for Case II: Ax! = (U'—VBiI/pé) Ac'

By knowing the properties at X' and 1', properties at point 2' are

obtained in the following manner:
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Case T

] 1 |‘/'|
PZ' PX' + °n BI/pm (© -

i

1yt Vo gt - '
P 12
+ Di [E u' + vB! /p :} B At! (132)
(Re,)
' = Al ' v _ pt vy ' (133)
pg,Z' pg,l' + G (P2 P )+ HI d At
Vg (l-\) ) p!
= - o : 1 A (134)
vs,2' \)s’l' + """'—o-g—'— (pg,Z' [ ,l') '5;- vds At
Case II
BiIU'
Pév = P;(v + O VB' /O (O“U)'(v) + (\)S 21V l,)
(1-v )(U'-YB'I70;) ’ '
p'y! B! U!
+ r + /B 1 /p (i 5yt 1L éd 'at!
e o - ) AT |

1
- DR - ' YRt
D2E hi(T Tw,i)At + D [h u' +

Py
] °£Y 135)
1 -(TTT VB' /D' 3 ac! (
& (Ree)

and from (2.86),

\Y)

- R W '

5,2 " Va1t T Ve at (136)
The expressior for p ,2" 1s obtained by replacing H' by H

{133).

in equation
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The iteration procedure for the tube head end is the same as
that for the piston base end stated earlier.

The properties at the nodal point(s) adjacent to the base point
(shown by * in Figure 3), which cannot be calculated from the Lax-Wendroff
method,are determined by linear interpolation between the piston base
point and the nearest point where properties have been calculated from

the Lax-Wendroff method,

It is noted that the spatial interval Axé is fixed for the entire
solution and can be chosen arbitrarily depending upon the desired
accuracy. But, for the stability of the Law-Wendroff solution, the time
interval 4t' must be chosen such that %&; nowhere exceeds the slope of

any characteristic [17}. This implies that at every time step,

Ax!
At < ——— for Case 1
Ut [+/BT757
m
(137
Axé )
At' < for Case 1I
J 1 1
[u ]+»/BII7pg

Therefore, before selecting a new time interval, the right hand side of
(137) is calculated at each nodal point (including the end points) and

then the lowest value is chosen as the next time step.

Determination of Wall Temperature

The differential equation (64) in finite difference form can

be written as (see Figure 4 for notations):
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i " Naud L St -1 1 TN g
At W 2 r, 20r
(ar) k|
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Tn+l o ZuWAt o thwAt L or o
W, j 2 | “w,j 2 | %7 br, | Tw,iHl
(ox) 7 (bx) j

2awAt Ar n
 om——— L e S T
(Ar)zl : b i w,j-1 (138)

Therefore, the temperature at any interior point in the tube wall after
a time interval At can be calculated from the knowledge of present tem-
peratures at and around the point of interest., For boundary points,
however, a heat balance as described below 1is required:

Inner Surface: With reference to the Figure 5:

br °T, 4 . 3T
— ——d = - - v
2R 2 w3t 2mR hi(Tw Tw,i) 2"(R+§—)(-Kwar
Ar
reRbs-
or,
oT 2h 2 oT
W,i - i - W _A_E w
ot pC Ar o Tw,i) Yoorar ®FY3) R
W v w
paRtoL
2
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In finite difference form,

n+l 20‘wAt hmAr Ar
T " =1~ + 14—
w,1 (Ar)Z 2R
ZGwAt hmAr n ZaWAt
+ Z(K)TW+.——2(1+-—
(Ar) W (Ar)

Similarly, for the outer surface,

Tn+l - |1 - -
w0 | (ax)

2uwAt hoAr ZawAt
¢ ) T
wn? % = ()

0 Ar

20 At (h Ar
W

w

+

]T

Axr

+—= Q-

(139)

(140)

The stability conditions [18, 19] for the equations (138) through (140)

are, respectively:

2
At < ﬁé.f)_
— 2a
w
2
At < (Ar)
- hmAr Ar1
2(!w < 4+ 1+ -2-1-1.
w J
and
2
bt < (Ar)
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Very small values of Ar (0,05 millimeter) are taken, and the selected
At is the least of the values calculated from the right-hand side of
(141), (142), and (143).

For a thick wall and initially cold tube, the temperature wave

in a single shot does not generally .reach the outer surface and, there-

fore, equation (140) can be disregarded.

Summary of the Procedure

Once the piston-cylinder arrangement, the initial conditions and
all other input parameters are chosen, the solution proceeds according
to the following steps:

(1) The time interval At' is determined in accordance with
expression (3.40) and the burning rate is taken corresponding to the
average burning pressure.

(2) The new piston position and its velocity are calculated,
and using the appropriate characteristic equations as indicated earlier
the new ballistic properties at both the piston base end and the tube
head end are determined.

(3) The interior points are solved either by the Lax-Wendroff
method or by linear interpolation as discussed earlier.

(4) The new heat transfer coefficient is determined from the new
baliistic properties and the momentum thickness at all the nodzl points,
The new wall temperature is also calculated using the mean heat transfer
coefficient.

(5) All the calculated values are stored as the present values

and reused for the next time step.
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Thus the solution proceeds until the piston reaches the desired
position. A computer program for the entire solution procedure was
written in FORTRAN V and was xun to obtain all of the results presented
in the following chapter. The flow chart for the program has been shown
in Apperdix III. The computation time is approximately four minutes for
the typical cases run on the Georgia Institute of Technology's UNIVAC 1108

machine.

66




R R T e AT

s T

SECTION V

RESULTS AND DISCUSSION

Standard Conditions

A set of realisiic, but somewhat arbitrary, conditions is chosen
as the input data to the computer program, and results are obtained

fcr both cases of solid velocities. These conditions will be referred

to as ''standard conditions." They are:
Tube length, Lt 2 m
Tube inside diameter, D 3 cm
Piston mass, MP 0.326 kg
Initial conditions:
Piston position, L0 25 cm
Chamber pressure {piston
start pressure), P 200 atm
Gas temperature (explosion
temperature), To 3000%K
Charge of propellant, msi 0.172 kg

Propellant properties:

Density, Py 1670 Kg/m3

Initial web thickuness, wo 0.711 mm

Type: ' M=-10, cingle perforated
Cas pruperties:

Molecular weigtt, M 24

Ratio of specific “eats, y 1.252
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Covolume, n 0.00095 m3/kg.

Specific heat at constant o
pressure, cp 0.412 kcal/kg- K

Viscosity (at 3000°K), ug 0.00007 kg/m-sec
)
Thermal conductivity (at

3000°K), % 0.000034 kcal/m-sec-"K
)
Tube material properties:
Thermal diffusivity, o 0.126 cmzlsec
Thermal conductivity, K 0.0138 kcal/m-sec-"K
Initial tube temperature, o
T 300K
amb

The initial gas density A as calculated from equ:* .. (2.15) is
(o]
19.14 kg/m3 and the potential of the propellant is:

RT
W= 0 - .
?5337 985.66 kcal/kg

The burning rate versus pressure data for the propellant has
been taken from reference [20] and is presented in Table I. Lincar
interpolation is used to determine the burning rate at the desired
pressure. To ensure the convergence of the solution, a sringle iteration
on the burning rate is performed in each time step as shown in the flow
diagram in Appendix IIL,

For Case 1, the solid particles are initially assumed to be
evenly distributed in the chamber. But, in Case II, a specific initial
distribution, namely a constant value up to the second nodil poirt from
the piston and then linearly to zero at the piston base, i1s chosen to
avoid the discontinuity at xequal to Lo. This has been shown in Figure

6.
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TABLE I. PRESSURE VERSUS BURNING RATE DATA FOR THE PROPELLANT [20]

Pressure X }0"5 Burning rate, T
Newton/m* m/sec
20.68 0.00330
34,46 0.00508
48,25 0.00711
68.93 0.00965
103.39 0.01320
137.86 0.01727
172,32 0.02057
206.78 0.02438
275.71 0.03048
344.64 0.03683
413.57 0.04369
551.43 0.05588
689.28 0.06858
1378.57 0.11684
2067.86 0.17018
2157.14 0.21082
3446.43 0.24384
4825.00 0.30981,
6892.86 0.40132
13735.71 0.63500
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The general power-lay velocity profile, i.e. 5= (6) yields
the following relaticnships [21]:
e : S _ (ntl) (n+2)
e (144)

and shape factor, H = 9%2

The one-seventh profile has been used quite extensively in the past to
compute the turbulent boundury layers with favorable pressure gradients
[22, 23). The same profile is assumed under the "standard conditions’
and the corresponding value for the shape factor, i.e. 1.2857, is taken
for the boundary layeir computation.

The viscnsity of the combustion gas 1s assumed to be proportional
to the square root of the absolute temperature which implies that the
value of m in (119) is 0.5. The same relation is assumed between the
gas conductivity and its absolute temperature. These yleld a constant
value of 0.8482 for the Prandtl number of the gas.

One-Dimensional Solucion

Case I. The results of the one-dimensional analysis have been

presented in Figures 7 through 14, Comparison with the solutilon neglecting

the heat transfer and skin friction shows insignificant effect of these
phenomena on the ballistic properties of the piston-cylinder arrangement,
But the following observations can be made from tnese results:

1) The Lagrange approximation of 1*near velocity distribution

and constant gas density is not a good approximation of the real situation,

It can be noted from Figure 10 that a considerable amount of time
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Figure 10. Spacewise Distribution of Velocity at Various
Times (Case 1)
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(approximately one-third of the total time) is elapsed before the
velocity distribution along the length of the tube becomes linear.
The gas density, on the other hand, has always a drooping character-~
istic from the breech end to the piston base end (Figure 9 and 13).
The same characteristic is observed for the volume fraction of solids,
Vg (Figure 14).
{2) The gas pressure varies considerably along the length of
the tube, and at the peak pressure, the difference between the pressures
at the two ends is as high as 20 per cent of the breech pressure
(Figures 8 and 11). The heat transfer to the tube wall reduces the
pressure at all points, whereas the skin friction reduces the piston
base pressure as the piston reaches the end of the tube. These two
effects together reduce the final piston velocity to some extent.
(3) The gas temperatures at the breech and the piston base are
of the same value all the time except for a short period in the begiining
(Figure 9). There is, however, a sag in between the two end points due
to the heat loss to the tube wall (Figure 12).
Case IT, Similar results for Case II have been presented in
Figures 15 through 21. A comparison with Case I reveals that the final
values of piston velocity and total time of travel do not differ much
from those in Case I. But the peak breech p-.essure can be 10 to 15 per-
cent higher than the corresponding pressuie in Case I. This causes the
propelilant to burn faster. The piston base pressure, however, remains
very close to the corresponding pressure in Case I except for a shoct

period towards the end. This accounts for che slight variation in the

{inal pistun velocity between the two cases.
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Figure 15. Comparison of Piston Paths in Case I and Case Il
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Tines (Case II)

83




0.300780SEC .

Pressure, P (atm)

O
Q ]
® T——0.0011685EC.

g_ \
N / \0.000394351‘,.
0

.001556SEC.

S e 0.001946SEC.
N T
T TT——0.002334SEC.
© i T T | 7
0 0.2 0.4 0.6 0.8 1.0

X

L

P

Figure 18, Spacewise Distribution of Pressure at Various Times
(Case II)

84




6000.
)

Q.0007805¢tC.

0.0011685EC -

o
o .
2 B:0B98848EE:
/ 0.0019465EC.
gj
S L0.002334SEC -
A ¥ 1
)
OV
=
0 O
o O -
=]
a2 ™
)
~
2 ——
g
@
[ ——
w © /\
g4 —
G O
(o]
-/
o
=
<
e T T T : 1
0 0.2 0.4 0.6 0.8 1.0
X
L
P
Figure 19. Spacewise Distribution of Gas Temperature at Various

Times (Case IL)

85




o_
r o
1 .
[
(]
wn
ol
Q
C"\A¢
g
)
o]
80 -
QO]
=)
%m
hot —_——TTTTT TN~
2 NN N
(o]
g o \ \0-0007808EC-
LI
N /
0.001168SEC .
/—/—\/\/\ 0,000394556-
S 0.0015565EC.
— C.001946SEC.
0.002334SEC.
© T T T T -
0 0.2 0.4 0.6 0.8 1.0
X
L
P

Figure 20, Spacewise Distribution of Gas Density at Various
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A couple of interesting phenomena are observed in this case of
stationary solids:

(1) Just after the propellant is completely burnt, the breech
pressure falls rapidly and finally becomes luss than the piston base
pressure. The same phenomenon was also observed by Carriere [5]. This
happens because all the solid particles are assumed to stay near the
breech end all the time, whereas there are no solids at the piston base.
Therefore, when the solids are completely burnt, no sudden change in the
pressure slope occurs at the piston base as it is observed at the breech.

(2) Due to the rapid change in the volume fraction of solids vs
near x equal to L , a pressure difference sufficient to produce a local
gas velocity higher than the piston velocity is created (Figure 17).

The gas having higher velocity slams at the back of the piston and thus
increases the temperature (Figure 19). This large temperature rise is
confined within a thin layer at the piston base and does nct affect the
rest of the gas. The oscillations observed in Figures 19 and 20 are not
due to the numerical instability, but are most probably due to the suddem
area change near x equal to Lo.

Boundary Layer and Heat Transfer Solution

The results showing the boundary layer thickness, heat transfer
coefficient, and the wall temperature for moving solids (i.e., Case I)
are presented in Figures 22 through 27. As the time increases, the
boundary layer thickness increases to a maximum value of approximately
20 percent of the tube radius when the piston reaches tne end of the

tube. This implies that the maximum value of the displacement thickness
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is less than three percent of the tube radius and, therefore, the
assumption of a thin boundary layer is valid.

The order of magnitude of the heat transfer coefficient is

T

extremely high due to high gas density and velocity (Figures 23 and

26)., The surface temperature of the tube wall reaches as high as

1100°K, and it occurs at the initial piston position (Figures 24 and
27). The total time is so short that in spite of a very steep radial
temperature gradient and high thermal diffusivity of the tube material,
the temperature ' ave cannot penetrate more than one millimeter irto

the tube wall (Figure 25). This justifies the exclusion of equation
(140) from the computer program,

The heat flux, hi(T_Tw,i) at certain fixed positions aleng the
length of the tube are shown in Figure 28, Although the maximum value
of heat flux could be as high as 350,000 kcal/mz-sec, these typee of
fantastically high values last only for one or two microseconds. The
average value of heat flux would be around 50,000 kcal/mz-sec.

The same type of results was also obtained for Case I1, and the

total heat losses for both the cases are compared in Figure 29, It
shows that the heat loss in Case LI is about ten percent higher than
that in Case I. This is mainly due to the higher gas velocity in the
initial period of Case II. After this initial period, the heat transfer
coefficients i the two cases are quite close.

1ne important results of both the cases are tabulated in Table
I1. A mass and energy balance detailed in Table III shows that the compu-
tati 1 errvor is less than 0,5 per cent, The baliistic efficiency (i.e.,

the ratio of tinal kinetic energy of the piston and the propellant energy)
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1 TABLE II. COMPARISON OF RESULTS FOR TWO LIMTTING CASLS OF SOLIDS
: VELOCITY
] Case I Case II
(solids moving) (solids stationary)
Time of travel 0.002465 0.002448
(second)
Final piston velocity 1242,3 1271.3
(m/sec)
Peak breech pressure 6450 7200
(atmosphere)
Peak gurface temperature 1067 1270
("K)
Ballistic efficiency 35.47 37.14
(%)
Total heat loss 8.64 9.60
(kcal)
Heat loss in percentage 5.10 5.66

of input energy (%)
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TABLE III. MASS AND ENERGY BALANCE FOR CASE I and CASE II

T

E Case I Case 11
Initial Conditions:
Propellant charge 0.172 0.172
(kg)
Propellant energy 160,53 169.53
(kcal)
Final Conditions:
Total gas mass (kg) 0.1716 0.1713
Gas internal energy 90,10 87.63
(kcal)
Gas kinetic en.rgy 9.90 8.56
(kcal)
Piston kinetic energy 6C.13 62.96
(kcal)
Heat loss (kcal) 8.64 9.60
Total energy (kcal) 168.77 168.75
Error in Mass Balance (%) -0.232 -0.407
Error in Energy Balance (%) -0.,450 -0.460
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has also been presented, The total heat loss to the tube wall is found
to be five to six percent of the input energy and about 15 percent

of the final piston kinetic energy.

Parameter Variation

Because of the large number of independent design parameters,
no general correlation is attempted here. Only a few important
parameters are varied for Case I to study their effect on the ballis-
tic as well as heat transfer solution, and the important results are
presented in Table IV.

Initial Chamber Pressure, Po

The selection of initial chamber pressure, i.e., piston start
pressure 1is quite arbitrary as it is very difficult in practice to
determine the exact pressure at which the piston starts to move,
Therefore, two different initial chamber pressures (100 atmcsphere
and 300 atmosphere) other than the standard 200 atmosphere are
considered,and the solution neglecting the heat transfer and skin
friction is presented in Figure 30, The peak breech pressure and the
final piston velocity are very much the same for all the three cases
of different piston start pressures, Only the time of travel is prolonged
as the initial pressure decreases. It is obvious that the heat transfer
solution would be very close for all the three initial pressures because
of close bailistic properties, This implies that the piston start pres-

sure has insignificant effect on the overall performance of the device.

100




T T T e e e e e e oo

SRS

™

ladlind i Lk

(I @se)) ssanssaig jxelg

U03IST4 SNOTIep I0J duWl] YiTm AJTO0T9A UWOISTJ PpuUe 3INSSDIg UYod23ig JO UOTIEBTIEBA

(o9fF) 3 ‘Lumrl

0€00°0 GZ00°0 0200°0 ST00°0 070070 S000°0 o
1l ] | 1 L
o
S N
o
o
o
£
= aansselg yooaag S
S o
o
w
@
3
)
L3TDOT9A UOISTJ -
/ o
T PO A~
S
[n3
g
S
- ﬁo
- Wle 00T = d e [
’ o
wie Q0C = d
wie gog = d ——-—— =
1 1l 1 § I y i ‘0
i 4
o

aan3dtg

0o¢

009

006

00?1

00SsT

N ‘A3700Tap uO3ISTJ

d

(oos/m)

101




S e T O TR 7 IR IS e e TR N —
r o G L e PR gy e e+ e 7 < - e pee e o

F .

f
'

%

Profile Shape Factor, H

In this effort the profile shape factor, H, is assumed to
be a constant throughout the entire solution; however, this may not
be true in the real situation, For non-uniform steady flow, a favor—
able pressure gradient lowers the value of H [?4] whereas in uniform
steady flow an increase in flow Mach number increases H [13]. In the
present case, however, it is difficult to predict its probable variation.
Therefore, two different values of shape factor (1.4 and 1.2222),
corresponding to the one--fifth and the one-ninth velocity profile, are
taken and the results are compared with those for H equal to 1.2857.
It is clear from Figure 31 that lower values of H cause higher values
of boundary layer thickness and heat transfer coefficient, i.e. the
viscous effect of the fluid is higher. Because of this, the total
heat loss to the tub: wall and the peak inner surface temperature go up
as the shape factor decreases. However, at H equal to 1,2222, these
values do not exceed the corresponding values for the standard conditions
by more than ten percent. The total heat losses to the tube wall for
the three different values of shape factor are compared in Figure 32,

Tube Inside Diameter, D

The tube inside diameter is varied keeping the loading density
(mSi/Vo), 2nd the piston mass per unit area (Mp/Ap) constant. Two tube
diameters (2cm and 4cm) are selected with appropriate propellant
charge msi and piston mass Mp. The results are shown in Figure 33, It
can be noted from Table IV that, although an increase in tube diameter

means an increase in the total heat loss, the heat loss per unit input

energy decreases with lairger tube diameter, This is due to decrease in
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the surface iv volume catic. Io cther words, for ballicrically similar
devices, the increase in tube diameter reduces the heat loss per unit
mass of gas and this accounts for the slightly better ballistic results

obtained for the 4-cm-diameter tube.

Propellant Charge, m_
i

Two different values of the propellant charge (9.15 kg and
0.19 kg) are chcsen apart from the standard value of 0.172 kg, and the
results are presented in Figure 34. It is obvious that an increase
in propellant charg> improves the ballastic efficiency of the device.
At the same time this increases the peak pressure, heat transfer
coefficient, and the peak surface temperature which put a limit on the

propellant charge.

Piston Mass, g?

Piston mass plays an importamt role in the problem of internal
ballistics. Therefore, besides the standard mass of 0.326 kg, two other
pistuns having masses equal to 0.2 kg and 0.5 kg are considered. The
results are shown in Figure 35. The heavier the piston, the slower it
moves, thereby leaving less room for the combustion gas to expand which
causes an increase in the peak pressure. Although the heavier piston
moves slower, the ballistic efficiency of the device is improved and
therefore suitable for the application whare energy conversion is of
prime interest. ff higher velocity is desired, a lighter piston would
be chosen. The surface temperature is also lower in the case of a
lighter piston due to lower pressures which lead to lower heat transfer

coefficients.
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Web Thickness, w

R

i
Although the web thickness is only a geometrical property of the

solid particles, it is import-nt because it determines the total
burning surface for a given propellant charge. For thinner webs more
surface i. available for burning and consequently the pressure rise is
more rapid. This aspect is clear from Figure 36 where results of three
different web thicknesses (0.5mm, 0711 mm (standard), and 0.9 mm)

are presented, A rapid pressure rise naturally accelerates the piston

faster and thus improves the ballistic efficiency. This gain is

neutralized by a much higher peak pressure and wall surface temperature,

Comparison with Other Work

No analytical work in the past considered the movement of the
solid particles in the one-dimensional ballistic solution. Although
Carriere [5} studied the problem of internal ballistics assuming the
solids to be stationary, it was not possible to determine the input data
and final results from his publication. Therefore, a quantitative
comparison could not be made. However, an excellent qualitative agree-
ment is observed between his results showing the piston path, piston
velocity and end pressures, and the results obtained from the present
analysis for the case of stationary solids, Unfortunately, no work
presently exists that the cpacewise distribution of the ballistic properties;
therefore,no comparison can be made.

The boundary layer and heat transfer analysis of Hicks and
Thornhill [2] assumed the Lagrange approximatior and omitted the zero

boundary layer thickness condition at the piston base, The values of
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heat transfer coefficient for a typical case (input data not indicated),
as presented in reference 2, are lower than the values obtained for the
typical case in the present study, by a factor of approximately two.
The reason could be due to entirely different input data and different
boundary layer thickness condition at the piston base. However, the
value of peak surface temperature and the location when it occurs are
in good agreement with the study of Hicks and Thornhill,

A very recent analysis on convective heat transfer in gun barrels
[25], which is also based on the Lagrange approximation, indicates that
the heat flux at the inside surface of the barrel can be as high as
2.7x105kca1/m2-sec. This value is quite close co the expected maxima

shown in Figure 28 for the typical case.
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Fglin Condition

In order to compare results with experimental temperature data

gathered at Eglin Air Force Base, Florida, conditions other than the

Standard conditions were run with the following input conditions:

Tube length, Lt
Tube inside diameter, D
Piston Mass, Mp

Initial conditions:

Piston position, L0

Chamber pressure (Piston
start pressure), PB

Gas temperature (explosion
temperature, T

Change of propellant, my

Propellant properties:

Gas Properties:

Dencity, Ds

Initial web thickness, We
i

Type

Molecular weight, M

Ratio of specific heats, ¥y
covolume, n

Specific heat at constant

Pressure, ¢

Viscosity (at 3000°K), Moo

Thernal conductivity (at
3090°K), Kgo

113

2m
3 cm
.326 kg

25 cm
200 atm

3000°K
0.140 kg

1670 kg/m>
0.7366 m

M-10, single
perforated

24
1,252
0.00095 m>/kg

0.412 kcal/kg°K
0.00007 kg/m/sec

0.000034 kcal/m/sec®K
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Tube material properties:
Thermal diffusivity, o 0.062 cmz/sec
Thermal conductivity,»cW 0.0138 kcal/m-vec®K
Initial tube temperature, T, 4 300°K
The burning rate was again taken from Tlable I, and only Case I
was taken, i.e., the solids move with the gas.
The results of this calculation are shown in Figures 37 through
43, and agree extremely well with experimental data for the peak wall
temperature taken by Eglin Air Force Base. The calculated maximum wall
temperature shown in Figure 43 is 1020°K at x = 25 cm. The experimental
maximum measured at Eglin was approximately 1000°K. No measured parameters
such as chamber pressures were input to the program to calculate this wall
temperature. The only necessary input conditions are propellant, gun,
and loading parameters listed at thz beginning of this section. These
Eglin conditions are obviously more realistic than the original standard
conditions due to the smaller propellant loading (140 grams instead of
172 grams). The peak head and chamber pressure is approximately 58,000 psi,
as seen from Figure 38.
This excellent agreement verifies the accuracy of the detailed
ballistic and heat transfer model developed here and used without the

ald of experimental ballistic data.
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SECTION VI

CONCLUSIONS

The following conclusions can be drawn in the context of the
:isults presented in Part I.

1. The Lagrange approximation of linear velocity distribution
and uniform gas density along the length of the tube is not a good
representation of the real case. It takes a considerable amount of
total time before the velocity distribution can be linear. Further-
more, the gas density cannct be called uniform at any time.

2. There is a large pressure gradient along the length of the
tube and at the peak condition the difference between the pressures
at the two ends can be as high as 20 to 30 percent of the maximum pressure.

3. As the piston moves, the gas temperature continuously decreases
with almost a uniform spacewise distribution. For the case of stationary
solids, however, a steep spacewise temperature rise 1s observed at the
back of the piston.

4, While the final ballistic results are essentially the same
for the tvo extreme cases of solids velocity, the peak pressure in the
case of stationary svlids 1s about 10 to 15 percent higher than in the
case of moving solids.

5. The maximum boundary layer thickness can be on the order of
20 percent of the tube radius in typ.cal cases. For ballistically
similar devices the ratio of the maximum boundary layer thickness to the

tube radius increases ag the tube diameter is reduced. Therefore,
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the assumption of a thin boundary layer may not hold gond for very small
diameter tubes,

6. The order of magnitude of the heat transfer coefficient and
the heat flux at the inner surface of the tube is extremely high,
Average values of 50 kcal/mz-sec—oK and 50,000 kcal/mz-sec for the heat
transfer coefficient and the heat flux, respectively, can be expected
for typical cases. The maximum values can be five to six times higher
than the average values but the maxima do not last for more than a
few microseconds.

7. The tube inner surface temperature can reach lOOOOK for typical
cases, and it occurs near the initial piston position. The time of travel
is so short that,even with the extremely high values of heat fluxes and
high thermal properties of tube material the temperature wave cannot
penetrate more than one millimeter into the tube wall.

8. The total heat loss to the tube wall is five to six percent
of the input energy for typical cases and has only a minor effect on
the final ballistic results, The same conclusion is valid for the skin
friction.

9., The piston start pressure, although difficult to determine
in practice, does not pose any real problem due to its insignificant
effect on the ballistic solution,

10, Improvement in ballistic efficiency car be brought about by
ine veasing the propellar+s charge and the piston mass cr by reducing
tne veb thickness. In each of these cases, there exists an adverse

er{cct Of higher peak pressure and nigher wall temperature. Therefr.e,

bt
o
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great care should be taken to obtain the optimum design conditions.

11. The heat transfer mcdel is verified by the limited wall
temperature data available at this time. This agreement is gained with-
out the use of experimentally measured interior ballistic data such as

chamber pressure versus time, as used in other analysis [25].
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PART II - PARTICLE SEEDING EFFECTS ON GUN BARREL
HEAT TRANSFER AND EROSION
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SECTION VII
INTRODUCTION

The seeding of gun propellants with additives, such as TiO2 in a
wax matrix, appears to be an effective method of reducing gun barrel
erosion [26, 27, 28, 29, 30]. The mechanism by which this is accomplished
has not, however, been satisfactorily explained. This makes it impossible
to optimize the :ffect or properly predict it without expensive and time
consuming trial-and-error experiments.

Since gun barrel erosion has been shown to be primarily tube
temperature [31] and thereby heat transfer, sensitive, the quantitative
heat transfer model developed in the previous section will be used to test
various possible mechanisms by which additives might reduce the temperature
of the gun tube.

The fact that the reduced erosion 1s primarily a temperature
phenomena rather than a chemical phenomena is substantiated not only by
reference 31 but also by reference 29 which shows an ircrease in CO due
to a wax additive. Reference 31 shows the CO increase should increase
rather than reduce chemical erosion. The fact that erosion is actually
reduced by the TiO2 - wax additive causes one to search for a reduced
heat transfer mechanism created by the additive.

This 1ig carried out by looking at (1) temperatures reached under
repetitive fire conditions, (2) experimental results from dusty gas heat
transfer experiments usually related to gas-cooled nuclear reactors, and
(3) insulation effects of particles imbedded in valleys of the barrel

surface roughness.
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SECTION VIII
EPETITIVE F1RE ANALYSIS
Introduction

Since rapid fire aircraft cannons are of primary interest in this
effort, the wall temperatures predicted in the foregoing single-shot analy-
sis are nct directly applicable. Since this wall temperature is the
parameter of most interest, a repetitive fire analysis is carriad out
here to determine what peak temperatures actually occur in aircraft
cannons. This allows one to determine if the temperatures are sufficiently
high to cause melting of a thin layer of metal on the inside of the barrel.

Model

In carrying out a repetitive fire analysis, one 1s immediately con-
fronted with the gun emptying problem, i.e., calculating the gas flow
properties and gas tc metal heat transfer rates after the projectile leaves
the tube but before the next projectile is fired. The previous single~
shot analysis is not applicable because it assumes a solid projectile
base closes the tube at all times.

Rather than attempt to solve this complex problem, it was decided
to carry out the calculations using an upper and lower limit on the heat
transfer during this emptying or soaking period. Since the total heat
transfer during this time was expected to be small, 1t was hoped that

these two limits would put a rather small bracket on the actual results.
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An upper limit is obviously taken if one assumes that the gas tempera-
ture and heat transfer coefficient remain at their values which existed
at the time the projectile left the tube. After the prcjectile leaves,
the gas temperzture will be r1educed, the gas pressure will be reduced, and
the gas velcocity will decay to zero. Each of these factors will tend to
reduce the heat transfer to the barrel below this assumec upper limit.

A lower limit is certainly given by assuming that the inside of the
barrel is suddenly insulated from the gases at the instant the projectile
leaves the barrel. This assumes that no heat is transferred trom the hot
gases to the barrel during the soak period between shots.

The gas temperature and heat transfer coefficient as a function of
axial distance and time were taken from the single shot analysis and
repetitively applied during each and every shot while the projectile was
moving down the barrel. The conduction analysis was started at the time of
the initial shot and successively calculated each At during the firing
period and the soaking period. Since the metal temperature, Tw’ at any
t + At depends on the metal temperature profile Tw(r) at t, this conduction
calculation must be carried on continuously with the repetit've heat trans-
fer coefficient, hi(t)’ and gas temperature, T_(t), being repeated for each
firing cycle, as detailed in Chapter IV, except that the wall

m

temperatures are not reset to T amb at the beginning of each firing.
One should note that this model does not assume that the total heat
transferred during each cycle is the same from one cycle to the next because

the wall temperature, is increzsing from cycle to cycle,thereby re-

Tw,i’
ducing (T - Tw i)and the heat transfer.
]
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Conduction Series Solution During Soaking

For short cyclic firing times (i.e., 0.010 second or less) the con-
duction solution during soaking was carried out by the finite difference
technique detailed in Chapter IV. However, at larger cyclic firing

times (i.e., up to 0.060 second), the number of time steps required

during the soak period was so large that the computer computation time was

excessive. Therefore, a closed form series solution was developed and
used during the time period from the instant the projectile ieft the barrel
to the time the next shot was initiated. This series solution was made

possible during soaking due to the constant heat transfer coefficient, hi’

firing itself.

i with respect to time. This parameter is not constant with time during the
i
!
!
4

Taking the conduction equation and applying it at some specific axial

location during the nth soaking period:

Coutr o e

3T 92T T

H —-—w— = ) -—-———.ﬂ—vl + .}. _..E.

! x W T* r & (145)

§ and separating vaciables, one finds that the solution may be expressed as 32,33
{
‘ > )\2 a t

{ - = -

| Tw Tamb izl [AmJo (Amr) + Bm Y0 (Amri] e'm w (146)

where Jo and Yo are zero order Bessel functioas of the lst and 2nd kind,
respectively, and Am and Bm must be found from the boundary and initial

conditions which, for the lower limit case of zero heat transfer during

soaking, are:
aT

W
g =Oatr= T, (147)
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or
X w -e. = =
] Ky 33 + ho (Tw Tamb) 0 at r=r, (148)
E
1 Tw(r) - Tamb = f(r) at t = tn (149)

where tn is the time when the nth projectile leaves the tube and the nth soak
period begins and f(r) is the temperature distribution with respect to r
existing at that time.

Applying these boundary conditions to (146), one finds:

A Jp ( nf)
- T = ® 4 V4
T, Toub = & Ca A ow 91 \mro) - hJ, C_r. 3
n=1
Y. (1)
- 'L e A%t (150)

An w¥1 Cpfo) = oYy ( nfo)

where U, and Y, are first order Bessel rinctions of the 1lst and 2nd kind,

respectively, dy 1s the mth root of the equaticn:

wm't Ot Y Gty
o ) = 0 (151)
‘nowd, (%%)_hgo(%%) %wﬁ (M%)'hﬁo(h%)
and Cm is calculated by use of the function in equation (149):
L
1
= by Y
Cm Nm T Ro ( m,r) f (r) dr (152)
Iy
vhere:
R (Am,r) = Jo (Amf) -
Am KwJO (Amro) + hoJo (Amro)
Y (Ar)
p\ XQV . A 1:3)
a Fw Yo ( nlro) + ho Jo ( mro)
r
o
- 2
Nm r R0 (Am, r) dr (154)
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Using an r; of 3 cm and an T, of 6 cm the first five roots of

equation (151) are:

Ay T 3.1965
Moo= 6.3275
A1 = 9.4522
A, = 12,5844
Ay = 15.7230

and only five terms were retained in the series. Accuracy was checked
by comparing the results from the series solution containing five and ten
terms with the finite difference solution results. This comparison showed

that five terms yielded sufficient accuracy.
Results

Results of the repetitive fire calculations were carried out for two
firing rates: 0.010 cecond between firings and 0.060 second between firings.
Since the projectile is in the tube for less than 0.003 second, the soaking
times are about: 0.007 and 0.057 second for the two firing rates, respectively.

The results for three axial locat’ons are shown in Figures 44 through
46 for the 0,010 second firing time with the heat transfer coefficient
hi during scaking at its upper limit which is equal to its value at the
time the projectile leaves the tube, devoted by hy . These are for

ast
ten repetitive firings.
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Figures 47 through 49 show the same results assuming zero convective
heat transfer during soaking, i.e., hi equal zero whick 1is the lower limit.
These sets of curves then bracket the upper and lower limits for the inside
wall temperature. At an axial location of 25 cm, which sees the highest
temperature (Figure 24), the upper limit case after ten firings show a
maximum temperature of about 1600°K compared with the lower limit case of
about 1500°K. This is a small bracket (8 percent) and shows that assumption
concerning the heat transfer during the soaking period has little effect
on the maximum wall temperature of interest. Therefore, at a given axial
position, rubsequent calculations assumed zero heat transfer from the
combustion gas to the tube walls from the time projectile n leaves the tube
to the time projectile n+l passes that axial position.

Results using this lower limit assumption for the lower cycliic firing
time of 0.060 second/round are shown in Figures 50 through 55 for 50 repetitive
firings at the same three axial positions as shown for the previous case in
Figures 44 through 49.

Figure 50 shows the wall temperature as a function of time at the
high temperature axial position of 25 cm. Figure 51 shows the temperature
profile inside the tube wall at this same axial position at four different
times. These same type of curves are repeated at the two other axial
positions of 12 and 84 cm in Figures 52-53 aad Figures 54-55, respectively.

With the longer scaking periods between firings, the maximum temperature
after 50 cycles is about 1400°K. It is seen from the wall temperature
ver .us time graphs that the peak temperature during ench cycle rises very
slowly aiter the initial 10 rounds. Also, it is seen from the radial
temperature distribution ingide the tube wall that the outside tube
temerature has not risen significantly after the 50 rounds.
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0f course, with soaking time between series of 30-itound bursts the

outside wall temperature would rise and result in higher inside wall

temneratures as well.
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SECTION IX

PARTICLE SEEDING EFFECT ON TURBULENT BOUNDARY
LAYER HEAT TRANSFER

Introduction

The section will be devoted to a discussion of the physical phenomena where-
by certain additives (e.g., small titanium ~Aioxide particles in a wax matrix
dramatically reduce erosion in gun barrels. The limited open literature
documents the effectiveness of several additives; however, no consistent
physical explanation is offered, and no satisfactory mathematical model
has been proposed.

Since hot gas erosion rates appear to be strongly dependent on
temperature level, an effort has been made to relate erosion reduction to
a reduction of the barrel inner surface temperatures. Some mechanism
must be presented then which attenuates the heat transfer from com-
bustion products to the gun barrel, Three distinct possibilities have
been considered:

1. The additive significantly alters combustion gas properties

8o as to reduce comhustion gas temperatures and/or heat transfer
coefficients,

2. The additive particles reduce the turbulence level near the

wall, thereby reducing the heat transfer coefficient.
3. ‘The particles and/or wax matrix deposit on the wall, forming
a protective coating which insulates the metal from the hot

gas.
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Effects of Additive on Combustion Products

The work by Lenchitz et al {29] indicates that TiO2 is not in-
volved in the combustion process, as the heat of reaccion remains essentially
the same when relatively large amounts of the micronized additive are in-
cluded with the propeilant. On the other hand, the addition of about 10
percent by weight of wax decreased the heat of reaction by about 10 percent,
This is apparently due to a combination cf reaction of wax with the explosion
products and prevention of complete c.mbustion of the propellant. Less
reduction in heat of reaction is observed when T102 is added to the wax,
suggesting that the TiO2 inhibits the interaction between the wax and com-
bustion products of the propellant. There seems to be a trade-~off between
heat of reaction and quantity of gas such that the pressure is unaffected
by the additives; hence, the interior ballistic properties are observed to
be nearly the same.

From the heat transfer standpoint, the effects of interest are a
probable lowering of the adiabatic flaome temperature and a change in com-
position of the combustion gases. In addition, the gas temperature could
be reduced due to sensible heating of the TiO2 particles and wax [34].

The magnitude of this cooling due to the inert particles having to
be heated to the flame temperature cau be approximated by an energy

balance on the gas-particle mixture. Since the heat transfer to the

particles is equal to the heat transfer from the gas:

= - (155)
Qpart ans

Using:

Qpart B Cpgas M[gas ATpatl‘ (156)
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gas = ©Op M AT (157)
gas gas  gas

in Bquation (155)

AT = ¢ + M art AT t/c
gas Poart P part’ p

M (153)
part 'gas

Since the combustion gas temperatures are around 2000°K and the

particles start out at ambient temperature, ATpart is about 1700°K.
Using ¢,  of 0.412 k cal/kg -°K, % of 0.23 k cal/kg -°K, and
Mpart/Mgas of 0.05:
AT = -28%
gas

This is obviously much too small of a gas temperature drop to result in
a significant tube wall temperature recduction.

Effects of Particle Seeding on Turbulent Heat Transfer

There has been considerable interest in receut years in the fluid
mechanical and heat transfer characteristics of suspensiors, both liquid-
solid and gas-solid. Gas-solid flows, for example, have been extensively
studied during the past 15 years in connection with pneumatic conveying
of solids, coolants for gas-cooled nuclear reactors, etc,

Liguid-Solid Suspensions

The technology of drag reduction phenomena dates back to 1945 when

it was discovered that under turbulent flow conditions, gasoline-aluminum
soap gels exhibited much less hydraulic resistance than untreated gasoline [35].

Since then, hierarchies of drag reduction effects have been found

in liquids containing low molecular weight micelle-type additives, high
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molecular weight polymers, and parciculates. The decrease in drag or
pressure drop is usually attributed to the non-Newtonian nature of the
suspension. The solids absorb energy from the stream, thereby de-
creasing the turbulence level possibly to the point of laminarizing
the flow.

In spite of the more than 400 references in the open literature, it
seems that practical exploitation of this technology area has not yet
been realized. Furthermore, there is relatively little information
available regarding the heat transfer characteristics of these suspensions.
The natural temptation, however, is to assume that heat transfer will be
reduced in accordance with the analogy between heat and momentum transfer.

Alteration of Transport Properties of Particle Seeding.

It is appropriate at first to turn to experience on the dynamics cf
dense clouds of particles or dusty gases. The classical Einstein relation
for an incompressible fluid containing solid spheres gives the viscosity

as [36]

(159)

by ™ ug 1+ 2.%)

where Mo and ug are the viscosity of the mixture and pure gas respectively
and « 1s the volume fraction of solids. In order to estimate the increase

iu viscosity due to solids addition, assume that Ti0, is added in the

2
large proportion of 20 percent by weight of propellant. Presume that the

propellant undergoes complete combustion., The volume fraction of TiO

2'I
for no relative velocity between phases, is then
M /P M P
s 8 - .8 _8& . 0.05
* M /P + M /P M M 0.2 x 35 0 (160)
5 S g 8 g 3
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where M is the mass of the solids, ( )s, or gas. ( )g' In other words,
the loading ratio is too low to cause any significant increase in
viscosity. Even if the local concentration at the wall were much higher,
it is probable that the density would be sufficiently elevated so that
the Reynolds number would be increased rather than decreased. The usual
description of dusty gas flows is that the particle addition results in
a flow of higher effective Reynolds number [37, 38]. The heat transfer
coefficient would then be expected to increase.

This is consistent with theoretical and experimental work which
suggests that particle-particle interactions, which could increase
. viscous drag, are negligible for particle volume fractions less than
0.05 [39].

Studies of Gas-Solids Suspensions (>10 u Particles)

During the past 15 years several studies have been reported
of heat transfer to (or from) gas-solid suspensions, with particle sizes
generally in the 30 to 200u range and with relarively large loading ratios.
The results have been applied to numerous industrial applications,in-
cluding coal-fired boilers, heat recovery equipment, solid propellant
rockets, and gas-cooled nuclear reactors, Numerous investigators have
reported a decrease in local heat transfer coefficients at low solids
loading ratios. This observation is of direct interest to the present
study.

Farber and Morley [40] made average measurements of heat transfer
from a steam-heated tube tn air-alumina catalyst mixtures. No con-
sistent trend of decreasing coefficient can be discerned in the data,
which exhibit considerable scatter at low loading ratios. It was noted

that bulk temperature rises were lower (and AT, 's higher) with the

im
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suspensions than for pure air: however, this effect was more than com-
pensated for by the increased heat transfer coefficient, i.e.,
the heat transfer rate was always greater with solids addition.

One of the few analytical attempts was reported by Tien [4]
who considered the case of mass loading ratios lower than about 1.0,

A linear increase in local coefficient with loading ratio was predicted.
In addition, the solid particles were expected to have negligible
effect on heat transfer far downstream from the thermal entrance.
Average predictions comparad reasonably well with the data of Farber
and Morley.

Farber and Depew [42] took average data which demonstrated a
distinct decrease in coefficient at low loading ratios; however, no
particular notice was taken of this behavior. The overall technique
thus precludes a clear look at what is happening to the local heat
transfer coefficient.

Depew and Farber [43] subsequently reported local data which clearly
demonstrated decreases in heat transfer coefficients at low loading
ratios, as shown in Figure 57. A theoretical analysis qualitatively pre-
dicted this decrease; however, the predicted decrease tecame negligible
as the particle size was reduced to 30 microns, a trend which was con-
trary to the data. Tien aud Quan [44] also took local data (Figure 57)
which demonstrated the decrease in coefficient at low loading ratios.

It was speculated that the particles altered the flow field.

Briller and Peskin [45]) reported average measurements of heat
transfer tc gas-solids mixtures and suggested that there was no observable
increase in heat transfer. This conclusion is parhaps justified consider-

ing the inordinately large scatter in data; however, a closer examinaticn
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of the cooling data shown in Figure 56 suggests a distinct decrease in the
coefficient at low loading ratio since the heating data exhibited no
particular dependence on MS/M. This could suggest that decreases are more
pronounced with cooling.

Soo [46] has developed an interesting analogy explanation for the
effect of solids on heat transfer at low loading ratios. The decrease
in friction factor[44] in the presence of solid particles (Figure 58)
is attributed to reduced mixing length due to dissipation by the solid
particles. Upon introduction of the reduced shear stress into the
Reynolds analogy, a Nusselt number -~ loading ratic expression is
determined which is similar to the experimental behavior, as shown in
Figure 59. While this approach is interesting, it serves only to express
one dependent variable in terms of another; hence, little insight is
given into the mechanism of transport process reduction.

Rossetti and Pfeffer [47] have recently reported friction data
which are of interest in the application of the analogy concept. As
illustrated in Figure 60,when glass beads of 10 to 60u were added to air at
Reynolds numbers of 10,000 to 25,000, friction factor reduction up to
75 percent was observed in hurizontal test sections.* In order to
clarifv this effect, turbulence intensitics were measured at the pipe
centerline. The intensity of turbulence was always greater with solids
addition, an effect which is in direct conflict with the drag reduction.
I: was postulated that the interaction of particles wich the turbulence
eddies actually occurs very close to the wall and that at the wall the

turbulence decreases.

* It is noted that the reduction is real since the suspension friction
factor is evaluated on the basis of the gas-phase density. Use of a
suspension density will always yield a reduced friction factor.
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Brandon [48] has also pointed out the need for wall turbulence measurements
as a necessary step toward understanding friction and heat transfer be-

havior of gas-solids suspensions.

Survey Conclusions.

A detailed examination of the data suggests that the following con~
clusions can be drawn from the experimental studies cited above,
1, The decrease in heat transfer coefficient is generally larger with
smaller particles [44].

2, The percentage decrease in h is smaller with higher Reynolds

numbers [44].
3. The loading ratio at which the minimum h occurs seems to decrease

as particle size is reduced; however, increases in Rynolds number shift

the minimun. .o higher values of loading ratio [44}.

4, The decrease in h is greater for lead particles than for glass

particles [44].

5. Thermal entrance lengths are larger for glass particles than for

lead particles, and are considerably larger for smaller particles. In all

cases, however, the entrance length was increased over the pure gas

value [44].

6. The decrease in heat transfer coefficient at low loading ratios

appears to be more pronounced with cooling than with heating [45].

7. Several available analytical and semi-analytical studies of

heat transfer and friction do not satisfactorily account for the observed

reduction in heat transfer and friction at low loading ratios [41,46,49].
Observation 1 is encouraging as it suggests that still smaller

particles (<30n) would exhibit greater decreases in h. However,

observations 2 through 5 are either nebulous or suggest a trend in the opposite
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direction to what is desired to explain reduced heat transfer in gun
tubes with seeding. Observation 6 is favorable; however, the data are
too limited to draw firm conclusions. Finally, it is noted from
observation 7 that the theory is of little help in suggesting what will

happen with micron-size additives.

Studies of Gas-Solids Suspensions (~lu Particles)

Particles in the size range of more direct interest have been
employed in studies relating to augmentation of heat transfer in gas-
cooled nuclear reactors. The general idea has been to add graphite to
the helium coolant in such proportions as to appreciably increase the
coolant specific heat and the heat transfer coefficient. Graphite is
the normal additive since it will pose few problems for the circulating
equipment; regardless of the size of addition, the particles shortly
pulverize to an average size less than 1y,

Schuderberg et al [50] summarized an extensive program at Babcock and
Wilcox to study the characteristics of dispersions of micron-size
graphite particles, Friction factors at higher Reynolds numbers
dropped below the nominal value. It was suggested that flow turbulence
was suppressed by the suspended particles. By analogy, heat transfer
should be affected to a comparable extent. Unfortunately, the heat
transfer tests were done only with loading ratios considerably in excess
of unity.

Woodcock and Worley [51] summarized extensive English studies of
boller performance 1in a gas-cooled nuclear reactor system, where the
002 coolant was loaded with graphite. Only loading ratios greater

than 4 were considered, and the average heat transfer coefficient for
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the tube bank always increased. One interesting aspect of their work
was that the effective particle sizes appeared tu be much larger than
those of the basic particle. It is doubtful, however, that the load-
ing ratios encountered with barrel wear-reducing additives are high
enough for the mixture to exhibit this effect.

One of the more serious difficulties encountered with gas-
graphite suspensions is the deposition of the solids on cold surfaces [52].
This is apparently due to a combination of Brownion motion and
electrostatic effects. For the present application, this observation
suggests that particle concentration near the wall will be relatively
high. It would seem, however, that the high velocities and short firing

times would tend to limit the buildup of as heavy particle layer as is

experienced in gas-cooled reactor system tests. The effects of any

particle buildup will be examined in the next section of this report.

The IITRI Analysis

et

In 1966 the Illinois Institute of Technology Research Institute
was awarded a contract by Picatinny Arsenal to explain the mechanism by
which an additive reduces gun barrel erosion. While the primary
emphasis in this investigation was devoted to tests with a vented
chamber, an analytical model was also developed as described in the

summary report by Remaly and Stanley [52].

L it e oS U, WS W sabr e, oA e,

The basic premise of this model is that reduced erosion is related

to a reduction in heat transfer from the gas to the metal. Following
the qualitative explanaticn offered for reduction of transport rate with
solid-liquid and gas-solid suspensions, turbulent damping was hypothesized.

The gas particles were assumed to be in simple harmonic motion; the
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particles then interact with ti.- gas through a dasnpot that represents “te

drag. The equations of motion vere then solved numericallv for various

E spectra of turbulence. The output parameter of interest i< the loss of

turbulent kinetic energy due to injection of the particles. The rate of

energy loss was then computed for various particle diameters (0.1 to 10 micronms),
densities (2 to 8 g/cc), and concentration (2 to 9 percent by weight).
Computations were limited by computer rumnning time to the first three cycles

of gas oscillation (about 100 psec). Typical increases of 5 percent were

found in the boundary layer thickness.

The computations indicated that turbulent damping increases with garticle
diameter, density, and concentration. Typical results are showr in Figure
61. The experimental program was then designed to provide at least a quali-

tative verification of the analytical model.

P

Controlled Firing Tests

IITRI Tests

T

Remaly and Stanley [52] tested th2 effects of various propellant
additives in a 37 mm vented chamber. Additive effectiveness was by
measuring wear of an orifice~type plug.

A variety of additives was tested for multiple firings since weight
loss data from single shots were inconclusive. No waX was utilized in

tests presented in this report, and the additives were introduced in such

a fashion that good mixing with the explosion products was obtained.
All of the additives (TiOz, talc, WO,, and microballoons) were

found to be effective in reducing erosion of the orifice insert. The

data shown in Figure 62 are typical of the results obtained. Low density

l Lo
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materials were found to be the most effective in contrast to the results

of the model described in the previous section. Furthermore, small particles
gave greater erosion reduction, which was again an effect opposite to that
predicted (Figure 61). A re-examination of the model was thus suggested.
This leads one to suspect that the basic premise of turbulence alteration may
not be correct.

One of the incidental observations of these tests was concerned with a
residue in the orifice insert. This propellant residue was apparently
substantial since soaking in a chlorinated hydrocarbon solvent was necessary
to remcve it before the weight was recorded. While neo indications of the
thickness, composition, or influence of the residue on erosion were given,
it seems reasonable to expect that the residue could play a role in reducing
the erosion.

Picatinny Arsenal Tests

The Swedish Additive, titanium dioxide or Lungstun trioxidz in a wax
matrix, was adopted for U.S. military application in 1961. This additive
was highly effective in reducing (up to 90 percent) bore erosion in a variety
of gun barrels. The empirical results of previous tests reported by Swedish
consultants indicated that many metal compounds have wear-reducing proper-
ties. The percentage composition of the metal compound and wax and the
location of the coated cloth liner were found to be important.

Several reasons were suggested for the effectiveness of the additive.
The wax component vaporizes and forms a coul irsalating gas layer along the
wall, the metal oxide particles in the flcw have a high reflectivity and
reduce radiant heat transfer from the propeilant gas to the tube, and

the metal oxide particles form a protective coating on the tube wall
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so as to reflect heal away from the surface.
Extensive tests were undertaken at Picatinny Arsenal to evaluate
various additives and suggest a mechanism for reduced erosion which is

consistent with the test firing data. The first major report issued

is by Woiff [26] who described extensive tests with 90 and L05mm tank
ammunition. The results of a preliminary series of tests with WO3 wax

additive and a full series of test with TiO2 wax additive are summarized

in Figure 63. Control tests with no additive and with wax additive only

are also indicated. The general conclusion is that any additive is
better than ordinary untreated ammunition. The Swedish-type addit.ives
are definitely superior to the other laminar coolant. The TiO2 additive

seems to be better than the WO, additive; however, a larger number of

3
firings for the WO3 would seem to be necessary to confirm this finding. Most
surprisiag perhaps is the obszrvation that the plain wax is also
reasonably effective.

This report is strictly empirical and does not pursue the mechanism
of barrvel wear reduction. The mechanism advanced by the Swedish con-
sultants concerning reflection of radiation is not a reasonable explana-
tion because the radiative heat transfer from the gas to the tube is

negligible compared to the convective heat transfer. The maximum

radiative heat transfer is given by:

4 4
9ad = ° (Tgas - ) (161)

which for T of 500°K and T of 2000°K yields a q of 20.6 kcal/mz-sec
w gas rad
compared with the average convective heat flux calculated in Part I

ot 50,000 kcal/mz-sec.
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On the other hand, the existence of a residue on the barrel wall is signi-
ficant. The coating was readily removed before measurements were made. For
the main series of tests a chemical analysis indicated that the coating was

1 mainly TiOz.

% Subsequent tests at the Picatinny Propellants Laboratory were reported
by Lenchitz et al [36]. Treir conclusions relating to the effect of addi-
tives on the combustion products is given early in this section of the

report. While this effect tends in the right direction, the coating effect

of the additive appears to be of greater significance. Lenchitz and his
co-workers suggested that the wax is the prime factor in building up an
effective insulatiug coating. The role of Ti0O, was considered to be that
of strengthening and permitting proper dispersion of the wax. The test
results with a 3/8-inch vented chamber (see Table V) abstracted from their

work was used to justify this conclusion:
TABLE V. EXPERIMENTAL EFFECTS OF ADDITIVES ON EROSIVITY

osivity mg at

Sample Proportions Er
16,000 psi (5-shot average)

M-2 Propellant 35¢g 24.1
Propellant + TiO2 35p + 2g 19.0
Propellant + wax 35g + 2-4g 2.8
Propellant + wax/TiO2 35g + 4g 0.9

(55%/45%)

The wax is clearly indicated as the major erosion reducer. In addition to

small chemical effects, the thermal insulation of the ca.bonized wax was
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considered to be important.

Taking an overall look at the Pi-zatinny Arsenal test, it is reason-
able to conclude that barrel wear reducing additives produce a deposit
on the tube wall which thermally insulates the metal from the hot com-
bustion gases., This is consistent with the observation that either
wax alone, TiO2 (W03) alone, or TiOZ/wax (WOB/wax) reduces erosion. In
all cases a deposit was noticed on the barrel. The IITRI tests mentioned
previously are in substantial agreement for the effects of TiO2 and WO3
as well as for talc and microballoons. It now remains to demonstrate

that thin layers of any of these materials can produce sufficient re-

duction in metal temperature to inhibit erosion.
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SECTION IX

MECHAN ISMS FOR REDUCED EROSION WITH TiO2
PARTICLES

Introduction

In light of the repetitive firing analysis and the survey of the dusty
gas heat transfer literature, the possible mechanisms by which reduced

erosion may result from TiO, seeding of the propellant was studied for

2
their plausibility. The fact that the repetitive firing analysis showed
that temperatures on the inside surface of the barrel may reach the metal
melting temperature rlus the findings in the literature led to concentrating
efforts on two wall temperature reducing mechanisms. The first to be dis-
cussad is the reduced heat transfer coefficient resulting from the particles
reducing the turbulence level and the second is the insulation of the tube

wall by particles forming a packed bed in the crevices of the tube surface

roughness.

Reduced Heat Transfer Coefficient

As shown ir the previous section, the literature in the dusty gas
area does not include any experimental data for the Reynolds numbers range
(”108) and particle size (<1 micron) applicable to the present gun problem.
Also, all experimental work has been carried out at steady conditions,
while the gun flow is highlv unsteady.

However, it can be seen from Figures 56 through 60 that a redue~
tion in the heat transfer coefficient of around 20 percent has been
demonstrated in several cases. There are also indications that the higher

Reynolds numbers and smaller particle sizes may lead to an even higher

172




"t

reductions in the heat transfer coefficient, h, particularly at light load-
ings. 1t may thereby be argued that a 20 percent reduction in h uight occur
with the addition of TiO2 to gun propellants. There is evidence that it

might possibly occur but no experimental proof that it does. The plausibility
of a 20 percent reduction in h causing a sufficien: reduction in the wall
temperature to produce a reduced erosion rate was studied.

The model and program for calculating heat transfer and temperatures
in the tube presented in Section II was used for this calculation. The h
which the program calculated was reduced by 20 percent and this reduced h
was used in the heat conduction analysis to find the tube wall temperature.

The results are shown in Figure 64 where the wall surface temperature
is displaced as a function of time. The peak temperature at the hottest
location (x=25 cm) is shown to be about 950°K compared to 1050°K from the
normal heat transfer coefficient results shown in Figure 27,

This 100°K drop which would result for the 20 percent lower h value
would appear to be large enough to substantially reduce the erosion.

This is particularly true when we consider that the temperature-related
erosion mechanism would be expected to have somewhat of a threshold temperature.
Above this threshold temperature the metal would possibly be liquid so as to
erode away easily, whereas below this temperature the metal would be solid
with strength to resist erosion. This 100°K reduction could bring the metal
surface below this threshold temperature and thereby substantially reduce the
temperature-related erosion. The remaining erosion would be primarily related
to other mechanisms such as chemical or friction. This could explain the
factor of 10 reduction in erosion rate experienced in tests using TiO2 addi-
tives, however, many assumptions would have to be verified to inclusively

show this.
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Insulation Effect

In order to assess what the effect an insulating layer of TiO2
particles forming on the tube surface would have on the wall temperature,
the model and computer program were modified, The increased thermal
resistance was included in a new effective conyective heat transfer

coefficient heff given by:

h - —h
eff 1 + h(AL/K), (162)
ins
where AL is the thicknass of the insulating layer and K, is the thermal

ina
je %

conductivity of the insulation.

The order of magnitude of AL can be found by considering the surface
roughness of the tube wall and assuming the interstices are filled with
Tiozparticles. These interstices are on the order of 5 to 10 microns

(0.0002 to 0.0004 inches) into which the micron size TiO, particles can

2
be packed forming a packed bed 5 to 10 microns thick. The order of
magnitude of tne thermal conductivity for packed beds is around 1»,x10-4
kcal/sec-m-°K, This low value for packed beds is due to the voids
existing between the individual packed particles.

The results of the calculations for a single shot firing are shown
in Figures 65 and €6 assuming 5 and 10 microns for AL,respectively. This
calculation should be compared with Figure 27 in Section IT which is the
identical case without insulation It can be seen that the effect of

TiO2 particles embedded in the surface roughness crevices is to lower the

peak metal surfa.e temperature from about 1050°K shown in Figure 27 to
i75
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825°K for 5 microns of insluation or 650°K for 10 microns of insulation.
This is a very substantial decrease of 225°K and 400°K ir the metal
tenperature and should account for the decreased evosion rate.

Tn order to further assess the plausibility of this hvpothesis, a
calculation has been carried ouvt to determine the mass of Ti0, particles
necessary to coat the tube with a 5-micron-thick layer. Taking the barrel
dimensions used throughout this work of 200 cm in length and 3cm inside
diameter, along with a packed bed TiO2 density of & gm/cm3, yields a mass of
3.8 gm of Ti0). For tne pr¢jyellant loacding of 172 gm, this is about a
? percent loading fraction comrared to typical loading fractions of 5 percent.
Therefore, there are adequate 'IiO2 particles in the propellant so that after
only a few firings the intersticas of the surface roughness can be filled

with an ‘nsulating layer or TiO, particles.
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SECTION XI

CONCLUSIONS

The following conclusions can be drawn from the findings
presented in Part II of this report.

1. Repeated firings every 60 milliseconds produced increasing
gun tube wall temperatures to 1500°K after fifty firinge. At this
time (3 seconds) the thermal wave does not reach the outside of
the 1,5-cm-thick wall, Repeated firing bursts could produce
temperatures high enough to cause melting of a very thin layer
of metal inside the tube. Even after 50 firings, the temperature
drops very rapidly with increasing distance from the inside wall
surface, i.e.,with a surface temperature of 1500°K, at a depth of
O.1lmm below the surface the temperature is typically below 800°K.

2. A review of the existing literature concerning experimental
measurements on dusty gases reveal that a reduction in wall
friction and convective heat transfer is possible in many cases
of lightly loaded dusty gases. Reductions up to 30 percent have
been measured in some cases. However, no experimental measures of
any kind are available which are applicable to the gun tube gas
flow problem,

3. Available experimental data on gun propellant additives
containing micron size particles all produce evidence of a deposit
on the inside surface of the gun tube,

4, 1If a reduction of the heat transfer coefficient of 20

percent were caused by the presence of micron-size particles in the

[
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combustion gases, the inside wall temperature would be reduced by about
100°K. This 20 percent reduction is considered possible, but experimental
evidence of this reduction applicable to this specific problem is not
available,

5. 1Insulation of the tube wall from the hot combustion gases can
result from the micron-size particles becoming packed into the metal
surface roughness crevices. These crevices have dimensions on the order
of five to ten microns; therefore, the packed bed of particles in these
crevices form an insulating layer of five to team microns thickness between
the wall and the gases. Taking typical values, this insulation layer can
reduce the tube metal temperature by up to 300°K. This hypothesis is
supported in many ways, and it is felit that it represents the mechanism
by which gun tube erosfon ls reduced when TiQO; particles are added to
propellants. The.efore, in order to minimize erosion in gun tubes, this
depositicsn of any insulating particles into the surface roughuness crevices

<l,ould be optimized.
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APPENDIX I

DERIVATION OF CONSERVATION EQUATIONS

A control volume approach has been taken for the derivation of
the coaservation equations. In Figure 37 a control volume having a
cross~sectional area Ap and length A4x has been shown. The volune
fraction of solids per unit length is Vos or in the other words, Vg is
the fraction of the total cross—sectional area Ap occupied by the solids.
Therefore, (l—vs) is the fractional area occupied by the gases at any
position and time.

Due to the assumptions regarding the burning rate of the solids
(same for all the particles at a particular instant) and the constant
total burning surface Sb , 1t 1s easy to estimate the burning surface

t
available in the chosen control volume,

vSA Ax
5L = Sbt L (I-1)
p

v A dx
s p

(o)

Therefore, the rate of gas produced (by mass) from the solids (or, rate

of decrease of solids by mass) within the conftrol volume is given by,

pserb

v Ax r

b
=0, S, 2 (1-2)
t P
v_dx
s
(e}
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Case I (Solid particl

s

es moving at gas velocity)

Continuity of solids,

Rate of increase of
solid mass in c.v.

Rate of solid

_ Rate of gas
flowing out

produced in c.v.

Rate of sclid _
flowing in

3 Qs rbe
T (pSApvsAx) = (pSUSAPvS) - (pSUSAva) - g Sb
X xHdx t ® dx
s
0
or,
v v T
s d s b
Apos [at ox (vsUs?J te Sbt L 0
 dx
s
J
0
with U =U =1,
s g
S
v v b v r
s s oU t 5 b
-2 -1 & )
ot U 9x + Vs Bx * (A ‘ LB 0
) dx
s
o)
or,
v ov
.___s __._.S ﬂj.-\-' =
3t + U oX * Vs Bx vdS 0 (I-3)
Continuity of Gases,
Rate of increase of _ Rate of gas _ Rate of gas Rate of gas
mass of gas in c.v. flowing in flowing out produccd in c.v,
3 vsr Ax
— [(1-v Adx] = [(1-v AU -[1-\) AU + S —
o [Aveghee] = ¢ Doghl ]| = [Avedoghy] oy Sy T
X x+dx v dx

or,
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b vV T
3 I r t s b
— (1~ +-—— - =
ot [;1 “s)°gJ % 1 1-v e U J pg G T
P J pv dx
s
o
Using equation (I-3) and US = Ug = U:
3;3 3p .
- - _& U - .
(1-v ) t (1-v) U=+ P Bx (o pg) vds
or,
d ) -
p .y p Pe oy (o fg) . )
ot ox (l—v ) 9% (1—vs) ds

A general equation of continuity can be obtained by considering the gas-

solid mixture as a whole which gives,

Rate of increase of Rate of gas-solid Rate of gas-solid
mass of gas-solid = mixture flowing - mixture flowing
mixture in c.v. in out
9 [v p A Ax + (1-v )p A Ax] = {vp UL + (1-v )p UA |
ot (s S D s"gp § 8 p s""g P
X
- |vpUA + (1-v )p UA ]
[ s°sUA, ( S)og b |
x+Hdx
or,
2 (v o+ (1-v )p ] + 2 vpo U+ (1-v )p U] = ( (1-5)
it | s’s s'"g ox | &8s s'"g
Momentum Equation,
Rate of increase of - Momentum flux _ Momentum flux _ 7. External
momentum in c.v. out in forces
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i h il tia gl o

3 a T ; 4 -] . J. 2 27

ot Lvspsb + (1 vs)ng Ap OX + Lvspsb + (l—vs)ng J Ap

x+dx
- rv o U2 + (1-v )op UZT A
L. §s 5 8 J Pl .

’ =PA| -Pa - 21R bx T,
: px px+dx "

or,

2t

] ) 32 \

— + (1- + — + (1- = - =l o

ot [Evsps (1 vs)og}U] 9x [}vspSU a vs)ng}é] 9x R

Using equation (I-5):

21
£l ou | _ 3P W
[)sps + (l-vs)pg] [at + U Bx.] T T xR
Now, mixture density P = VePs + (l-\)s)pg
@_+[]@_=_L§£_ﬁ (1-5)
dt ox pm ox me

Energy Equation.

Rate of increase _ Energy flux _ Energy flux + Rate of increase of

of energy in c.v. flowing in flowing out energy due to con-

version of solids
into gases in c,v,
_ Rate of work done _ Rate of heat loss
by the gas-solid mixture to the tube wall

or,
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dednizia v

2 2
3 US U
— } — —_— } /\
3T {»Sps(es T )y + (1 Js)pg(eg + —%—);AP hx

- u 2 . ]

I, s
4 — - & !
Livsps(es + )Us + (1 \;s)pg(eg + -5 )Ug}Ap

U 2 U 2
_S_ - By
{%vsps(es + 5 )US + (1 vs)pg(eg + > )Ug}Ap

x+dx

vsrbe

+p 8 ————— AE ‘{%p { p U (——) + (l—v Jp U t——)}

s b s's's P g 8P
ﬁ/ﬁva dx &
s
0

Ap{ P s(;;) ¥ (1-v e U (;)}

X+d

’

~]- 21R ux hi(T—Tw i)

X

where, AE = Additional energy release per unit mass due to conversion
of solids into gases,

=¢T -cT =W-cT (I-6)
S S

d . P d
T [vsps(ﬂs 5 ) + (l—vs)og(hg )} 8 [v Pg h U + (1-v )p h U;]

[

d Us2 ggi
+ 3t vspsmf_ + (l-vs)pg 2

Lo U 2 EE.E Sbt VI AE
+ 35l vePs 3 Ug T (v do Ug|= s G T

2 s s’ 7g 2 s A
P pvsdx
2h,
i

e (T-lw’i) 0
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Using Us = Ug = U,
a I
—— jv.eoh + (1-v)p h 1 _ 9P 98 1 ; - ]
it (s ss s'"g g e + o™ (’spshsb +(1 as)pgthJ
2
U~ o ol
— + - + - —_—
+ 2 ot [Qsps (1 Js)pg} [vsps +a \s)pg:J v ot
2 -
U“ 3 ] [ 23U
- - i + - —
+ 7 T LvspsU + (1 Vs)pguj Lysps + (1 vs)pg] U ™
Zhi
=0 vdS LE - = (T—Tw’i)

Using the general equation

(I-5):
L vph + (-v)ph + S vphU+4+ (1-v)p h U -
ot s's s s'"g g 9% $s s s'"gg
2hi 2t U
TP Va BT (T YR

Ou differentiation and by use of continuity of solids (164)

of gases (I-3):

ahs th oh dh 5p 5p
— ] -\ —-——S- —-g - — —
VsPs| Bt U CX +Qa \s)pg ot * Uax ot + U X
2hi
= Y, + - - e (T +
Py vds (AE hS hg) R (T Tw,i)
1 3 D =-a-.-— _a——
Using the notation Dt T + U ™
. P \
and h =¢ 1T +— , finally:
s s's P
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DhS Dh DP p 2hi
—5 4 (- g _DP _ . P oy __ i
VsPs Dt @ Vs)og Dt Dt s dS W+ Py hg) R (T Tw,i)
2 wU
R (1-7)

Case II (Solid particles stationary at their initial positions)

Continuity of Solids.

Rate of increase of _ Ra.e of solids _ Rate of solids _ Rate of gas
solid mass in c.v. flowing in flowing out produced in
c.v,
5 vsrbe
Sz(psApvsAx) = 0 - 0 - psSb
t P
v dx
s
o)

or,

avs Sbt VT

= - = — v I-8
ot s )fL Ya (1-8)
P s
v _dx
s
o

Continuity of Gases,
Rate of increase of _ Rate of gas _ Rate of gas Rate of gas
mass of gas In c.v. flowing in flowing out produced in c.v.

3
Y [}l—vs)AppgAx] = ﬁl_vs)Apngg]

- l-v JAp U
i} [( VAP, g]

v r, AXx
S

x+dx

or,
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S
. b vox
3 {¢- A P P e, (-t s b ., ¢ (-9
3t Bl v /“g E [l Vs)pgbgj “s(A ) (L Ps V4 (1-9)
4 P P v dx s
j b 4
0
Putting Ug = U and using equation (I-8):
- —-3— —g- —_— + n v - — = g
A-v) | 35+ U=+ o x) T PgVa TPl Bk s Vd_
or,
3p p \ (p_ -0 ) p U 9v
B 24, M__s g, ,_ 8 __S (1-10)
It ox g dx (l—vs) dS (1-vs) 9x ’

Momentum Equation., As the solids are at rest, the free as volume in

the control volume shown in Figure 37 is taken as the new control volume
in the following derivation. It is assumed that the solids are at the
core of the flow and the skin friction at the surface of the solid
particles is negligible.

Rate of increese Momentum Momentum _ 2. External

of momentum in c.v, flux out flux in forces

3 2 r 2
—_— 1-v )A U Ax + 1-v )A U - 1-v )Ap U
ot [i( s) ppg g J [( s) ppg g ] !x+dx [_( s) Pgeg }

= [(1-vS)ApP} ) - [(1-\)5)Ap P}

3 (1l-v )

+P A AX ——>~ - 21R AX T
3 9x w

X

x+dx

or,
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5 7 N E) 3 )
— (i-v )p . - U o= - = H(1-v )P
f 5 _(‘ s)g g a b)gzs z,: Jklfl')]
J(l"‘vs) 2=
! +P X% TR
lising equation (I-9)} and putting U = U,
D . 21
U EUEE . aP W
- ~ —_— 4~ ! = - -3 — v e—
(1-. ) hl ~t ti R ‘s V4 v (1 's) X R
- = s
or,
TR N U S s S (1-11)
St x pg 3x (l-vs)pg dg (1—vs)pgR

Energy Equation, The same control volume as uced in the derivation of

momentum equation is taken,
Rate of energy _ Energy flux _ Energy flux + Rate of energy increase
increase in c.v, flowing in flowing out due to gas comiag into
the ¢.v, from the solids
Rate of worl, Rate of heat
- done by the - 1loss to the
flowing gas tube wall

or,
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y 2 y 2
]
[:(l—\)s)Apngg(eg+ -%—) J

o)lo,
h
P
[
H
<
v
:>
'D
r\
m
+
S
[
=
L
[}

v -
(I-v JA p U (e +-‘,g,")]

- [{(1—\» YA ngg(T)j
8

x+dx

{(l-\)s)A p U (—)} I :,~ 2nR Ax hi(T-’l‘w

pgsgep

8 |,

or,

2 2
%‘ [(1"\) )D (e + “3")} + 9— [(l-v )ng (e + ;)— _L)]
4

—

© |~
[e]

Put U =Uandh =e +—,
8 g 8

ov

3 [o- N )
[(1 Vs)pg(hg pg)} "™ [(1-v )p h LJ + = L(l-w )r> u

o [ _ 2| . ,
+ Y - L{(l vs)ng}U] Py vds W

Zhi
-y (T )
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Using equations (I-9) and (I-11)

L (1-v }Jp h + 2 r(1—\) )phU-] S 2 F(l-v JP| +p ¥ u |
at s’"g g Bstggi t s s d_ 2

+ U |~ \'rU—(l—v)ég——z:—--- Y W
ps ds s’ 9x R psvd

7hi
"R (T_Tw,i)

Using equation (I-8)

3 ‘-, 3 [ b P oP
A - - - 1 - - 2 =
ot ’\l vs)pghg} + X |_(l Vs)pgth_J a vs) [Bt U 9xX

2 Zhi 2TwU
7 -1 T, 9t

=p v, (W A
] ps

or,

ah 3
(l—\)s)pg {:_ﬂ + U -il-&] + hg [-8-— {(l-v )pg} + %—{(l—vs)ng }J

X

2
[ . P LU
= (1-v) +UA‘J Py Yy (w+p + 57

s s

. Do_3 Lyl ity
Using equation (I-9) and notation bt " 3t + U % ? finally :
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B st e e g - e g e T CSIIIRER, O BTN A, e T vt s

o e n Tecns serevies

P

T e T

- B (Y2 PoLU
(1 vs)pth (1 vs) bt = Ps Vg W + . + 5 hg)
s s
Zhi ZTW
"® TR Y (1-12)

Computation of surning Surface

A typical solid particlie, a single perforated cylinder in shape,
is shown in Figure 38,
Let,
r, = initial inner radius of the particle
r = initial outer radius of the particle

1 = length of the particle

n total number of the particles in the chamber
Therefcre, total initial burning surface = 2n(ri+ro) ln. Itis

assumed that combustion gas is produced from both inner and outer cylin-
drical surfaces of a particle but not from two ends. If Iy is the linear
speed of burning, which is assumed to be same for all the particles at

a particular instant, the total burning surface after time At 1is
in [(ri+rb at) + (ro-rb At)] l1n
= 2n (ri+ro)l n

It is clear that for hollow cylindrical particles the total

burning surface is constant and can be given by .
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3
2n(r 2—r.z)l nop
E S - 0 i S
bt Ps (ro_ri)
2m
, s,
E . (1-13)
oW
s sy
where
m = initial mass of solids
i
G solid mass density
w, = initial web thickness of 2 solid particle
i

Expressions for Eanthalvies of Solids and Gases

For any pure substance, b = h(P,T)

3h
dh = () dp + (—a-f) dT (1-14)
T

P

From thermodynamics, dh = Tds + vdP

ahy _ /38
KSF)T - TKaP)T v (1-15)

Again from Gibb's form of first law of thermodynamics,
dG = - s dT + v dP (I-16)

As Gibb's function G is a property of the system,dG must be an exact

differential
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), - (3

liow, coefficient of thermal expansion, 8 = Lidy
v|oT p

. Equation (I-15) becomes,

[3h}
(EF) = = TRv + v = v(1-TR)
’ T

.. Equation (I-14) becomes,

dh = v(1-T8) dP + ¢ dT -
) (1-T8) > (1-18)

Solids
For solids, cp is equal to g and it has been assumed that the

temperature of the solids TS remains constant throughout the period of
burning

1

dh = <=~ (1-T g ) dP
s P s's

s

It has also been assumed that the coefficient of expansion for solids

85 is negligible,

dh = L (1-19)

S o]

S
d h o=cT +> 1-20
an h, = c T (1-20)
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Gases

The equation cf state for the combustion gas at high pressure

can be taken as,
P{v -n) = RT -2
\ g ) g (I l)

where, the covclume n is a constant,

Now,

From equation tI—lS)

R T
dh =v |1 --E-|dP+ ¢ dT
g 8 P

or,
dh =1 dP + ¢ dT 1-22
g p (1-22)

Now, the specific heat at constant pressure, c, = ;%T Rg yields,

dh = ndP + Y- R dT I-
g y-1 g (1-23)
Differentiating equation (I-21) and using vg = l/pg:

1 P
R dT = (— - n) dP - — d
8 (pg ") pg?- g
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kquation (I-23} becomes,

,z
3
4
:
]
?
,
4
:

' (y-np )
! P
] dh_ = dp - —L—— d i
- 4 N Y Gv-Dp 2 ¥g (1-24)
, g g
From equation (I-22)
h = P+c T
g p
1
=n P +——L—e—P (&— -
ik (y-1) (p n)
g
(y-np )
B (Y—l)og (1-25)
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APPENDIX II

DERIVATION OF BOUNDARY LAYER MOMENTIM ENUATION
With reference to Figure 39, the boundary layer momentum integral
equation is derived as follows:

Equation of Continuity

Rate of increase Rate of mass flow Rate of mass flow
of mass in c.v, = into the c.,v. - out through surface
through surface AB CD

Rate of mass flow
+ into the c.v.
through surface BC

R r R - ~R

r

%E Jj 2rr Ax p dr =[ﬁ 2rr  u dr - 2nr p u dr
®=5 R~6 Jlx R-§ x+dx
+ ﬁBC (I1-1)
Momentum Equation (x-directional)
Rate of increase Momentum Momentum jz External
of momentum in - flux in + flux out = forces
C.V,
R R 1 1* R
3 . [- 2 2
3T 21y Ax p u dr = mBC U.° - 21 p u dr ' +$ 2tr p u dr
R-§ R-§ “J1x LAR-8 = |x+ax
R
-
LI |
= 2nr P dr || —( iznrrdrl{
R-5 x L ‘R-6 | x+dx

+

38
2n(R-6)(§Z AX)P = 2nR bxt (11-2)
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A i

Using the expression for ﬁIBC from equation (II-1), equation (II-2)

becomes,
R R R R
L (pu r)dr - U 4 (pr)dec - U o (pu r)dr + (puzr)dr
ot ‘ « 3t © 9x -
R=% B~-O =4 R-8
9 < 368
- - r)dr + (R-8)P == - 1I-3
= | (B xd (R-§)P = - T R ( )
R~§

Now, for thin boundary layer, radial component of velocity is very

small an.d consequently,

2.0 (11-4)
or
Also, as U # £(r),
5 3 R R BUw
- U pr dr = U_ 5 | °F dr + pr dr TS (II-5)
) /R-6
and
; ; R [R au_
= u_ (pur)dr = U_ % | eur dr + [ pur dr e (11-6)
R-8 R-§

Using relations (II-4), (II-5), and (II-6),finally

A
5 R R aum
—5? p(U -u)xr dr + = pu(U -u)r dr - pr er?t':-—
R-§ R R -4
d]?&- dr-]-a—P+TR 11-7
| Pur dr dx r J 0% w (11-7)
Res

=6 R-§
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now,

and using Pes i.e. gas density corresponding to the film temperature,

as the average density in the boundary layer, the equation (II-7) becomes,

R R R
5 5 oU
p(U_~uw)r dr + Py pu(Uw-u)r dr + p(Um—u)r dr | —
!

ot
/R-¢ R-6 -8

62 ap 3UOo BUw
= (RS - —2-—) 3‘; + pf —a‘?-' + prw T +TWK (11-8)

The equation (I1I-8) is the required wmomentum integral equation for a

nonsteady, nonuniform, and developing compressible flow in a tube.
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APPENDIX III

FLOW CHART FOR THE SINGLE SHOT COMPUTER PROGRAM

Main Program

[vRead input data and calculate
all the non-~dimensionalizing
and other constants

Calculate the average chamber
pressure, total unburnt solids
by volume and by mass

Determine the new time increment
At' by applying (137)

o]

Burning pressure = Average chamber
pressure

Calculate the burning rate
corresponding to the burning
pressure from Table T

Calculate the piston displacement
and velocity after time At' |

—.1
Call subroutine BP to determine
the ballistic properties at the
! piston base after time At'

T
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—
Tp—

values of

{ new values

A
Replace old

piston position
and velocity by;

J

Average base pressure =
L (calculated value at t+.t
+ present value at time r)

 SRSOR——

—

; Calculate the piston displace-
ment and velocity based on
‘ average base pressure

—————d

I

+

Is percentage difference N
between the new and the old
value of the piston displace-
ment less than 0,0001?

1 Yes

Call subroutine WP to deter-
mine the ballistic properties
at the tube head end

Calculate the first estimated !
values of v_, p!, U', P' at all
the nodal p51nt§ at time t'+At'
using (100), (101), (102) and
(103) for Case I and corresponding
expressions for Case II

Calculate the second estimated
values using (108), (109),
(110), and (111) for Case [
and similar equations for Case
11

Average the two estimated values
to obtain the final values at
time t'+At’

using the equation of state (6)

T

Find free stream temperature T J
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Interpolate between the
base point and tke nearest
nodal point tc determine
the properties at the point(s)E
where finite difference scheme
could not be applied

Ve R ———————

o e e e i e ey

KP=2 |

)

iBurning pressure =
' % (average chamber
pressure at t+it
average pressure at
t)

|
I

(Calculate average chamber
pressure at t+At frcm

the calculated pressures
at all points

<:;}s KP equal to 2?i>>_—-No-~—--—]*

1 Yes

Calculate momentum thickness
at all the nodal points using
(117), (120), (121), and
(122) and interpolate the
point(s) adjacent to the base
point

{_Calculate the friction coefficient
and the heat transfer coefficient
at all points at time t'+At' using
(59) and (63)

! Compute heat loss to the tube
wall during the time interval
At' based on the conditions at
time t

Call subroutine HIW to calculate
the wall temperature at time t'+At'
using the average value of heat
transfer coefficient

i
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Replace the old values of time,

piston position, ballistic properties,
3 momentum thickness and heat transfer

‘ coefficient by new values

Has the plston reached the end
“No ——e— ,
of the tube?

Yes

Calculate the ballistic eificiency

and write the final results

=
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Subroutine BP

The purpose of the subroutine is to calculate the ballistic
properties at the piston base at time t'+At' knowing the properties
at all the points at time t', and the velocity and the position of
the piston at time t'+At'., The following flow diagram should be

read along with Figure 3.

Start

Except the velocity at point 2,
assume all the properties at
point 2 and point X to be same
| as point 1

B s |

Determine the position of pcint

X using (124) and calculate the
properties at that point by linear
interpolation

Calculate the mean values of all
the coefficients of (125) or
(126) 1in between points 2 and
X

]‘ ""Calculate the pressure at point
| 2 using (125) or (126)

Determine the mean values of all
the coefficients of (127) and
(128) in between points 1 and 2

—

Calculate the gas density and
the volume fraction of solids
| at point 2 using (127) and (128)

I
|

206




s T IR iR, ¢

TS

Replace the old values
of the properties at
point 2 by the new values

Is percentage difference between
the old and the new values for
the pressure and the gas density
at point 2 less than 0,0001?

Yes

Is difference between the old
and the new values nf the volume
fraction of solids at point 2
less than 0.000017?

No

Yes

Calculate the temperature at
point 2 from the equation of
state (g).

{ Return
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Subroutine WP

This subroutine is called to calculate the properties at the
tube head end at time t'+At', The logic is same as that for subroutine

BP and the flow diagram should also be read along with Figure 3,

F Start

Assume all the properties at points
2' and X' to be same as point 1'

Determine the position of point X'
using (131) and find the properties
at that point by interpolation

) Calculate the pressure, gas density,
and volume fraction of solids at
point 2' using (132), (133), and
(134) for Case I and (135), (133),
and (136) for Case II

Replace the old values
of the properties at
point 2' by the new
values

I: percentage difference between the \\\\
old and the new values for the pressure
and gas density at point 2'less than
0.0001?

i—.-—No

' Yes

Is difference between the old and the
~=— No new values of the volume fraction of
solids at point 2' less than 0.00001?

Yes
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Calculate the temperature at
point 2' using the equation of

——— e o)

state (6)
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Subroutine HTW

The purpose of the subroutine is tc calculate the wall
temperature at a particular station along the length of the tube
at time t+At, knowing the temperature distribution at the present
time t, and the mean heat transfer coefficient ﬁm over the time
interval 4t, In the following flow diagram, At is the time step
selected in the main program whereas At is the time step selected
in accordance with the stability condition for the temperature calcu-

lation.

Start

TIM1=0

1

Select At from (142) or (143)

1
NT"“<iIs At less than (At-TIMl)i:>

Replace At by (At-TIM1)

Yes

-

—

Calculate TNLW{1), i.e. new
inner surface temperature after
the time interval At using (139)

K=2

[
I

Calculate TNEW(K), i.e. new
temperature for subsequent layers
using (138)

ABCD=TNEW (K -1) =TNEW (K)

|
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Yes

—y

than 0.

( Is ABCD less
12 NO—r—j

K=K+1

Yes

TIM1 = TIMI+At J

1

Replace the old values of the
wall temperatures by the
calculated values

¢ 1s TIMI less than bt ?,>

No

( Returnl
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APPENDIX IV

1 SINGLE SHOT COMPUTER PROGRAM INPUT

Input Parameters

PR - Pressure at which experimental burning
rates are input (nt/mz)

BUR - Burning rate at PR pressure (m/sec)

TUBEL - Tube Length, also reference length (m)

XNI - Nondimensional projectile starting
position

PI - Nondimensional axial tube step size

DIAT - Tube diameter (m)

MASSP -~ Projectile mass (kg)

PY -~ Shot start pressure (nt/m?)

T¢ ~ Propellant flame temperature (°K)

RSP - Ratio of gas specific heats

WM - Propellant molecular weight

ETA - Co-volume of gases (m3/kg)

DENS - Propellant solid density (kg/m3)

CHAR® - Initial propellant mass (kg)

BETAS - Zero

WEBT - Propellant web thickness (m)

MN - Gas viscosity at T@

CeG - Specific heat of gas (kcal/kg -°K)

CPNG - Thermal conductivity of gas at T@

(kcal/m -gec— K)

i - Boundary layer velocity profile parameter,
for one seventh profile = 1,2857

212




B ~ Ludwig - Tillman friction factor parameter
= 0,286

RPUT - Tube outside radivs (m)

RIN - Tube inside radius (m)

DELR - Tube wall radial step size for numerical
conduction solution (m)

DIFFU - Therral diffusivity of metal (m?/sec)

3 CPNDUC - Metal thermal conductivity (kcal/m ~ sec - °K)
TAMB - Ambient air temperature (°K)
HY - Heat transfer coefficient for tube outside

surface (kcal/m?2 - sec)

UNI - Zero
UNBI - Zero
PRNI - One
PRNBI - One
DENNI - One
DENNBI - One
TEMNY - One
TEMNI - One

All data is to be input in format form to conform with read and

format statements as follows. An example is also shown.

213




199

200

201

202

203

204

101

READ 199, (PR(1J)), BUR(1IJ), I1J = 1,20)
FORMAT (4(E12.2, F8.3,)

READ 20C, TUBE2, XN., PI, DIAT, MASSP
FORMAT (5F16.4)

RFAD 201, PP, T@, RSP, WM, ETA

FORMAT (E16.3, F16.1, Fl6.4, F16.2, F16.6)
READ 202, DENS, CHAR{, BETAS, WEBT

FORMAT (F10.1, 2F10.3, F10.2)

READ 2053, MU, CPG, C¢NG, H, B

FPRMAT (5F16.7)

READ 204, RYUT, DELR, DIFFU, C@NDUC, TAMB,H@
FORMAT (6F13.7)

READ 101, UNi{l), UNBI, PRNI(1), PRNB1l, DENNL(1),
DENNBI, TEMN1(1l), TEMNB1

FPRMAT (8F9.2)

214
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APPENDIX V

SINGLE SHOT COMPUTER PROGRAM LISTING
DIMENSIOM UMIT201)+PRMII201 ) sBDENNII201) o TEMN](201)sVFS11201)y
1PRE2{0IBURIZ20u 1e 51420119 C L1200 3501302013 UNCAR 201 0UN2L20L )y
2PRM2(201) sDERNZ (201 ) o TEMN2(201 ) VEG2(2011 U2 (2C119PR2ZEIZC) )
FUENZ2E(Z01) s VEZE (2011582002013 o C2E (2013020 (2GL) 0 L2E2(201 )
4PR2E2(201 )2 0EN2E212U1 ) sVF2E2(0201 )9 iTKL(2U1 )9 AT2E (2011 9°4T2E22(201 )
BTN L201 ) QAT E20ul o33 (201 aH2(20 1) o TEMMIZ0]1e51) e REMTL20G1Y,
6C112ul ) 9E2E 120V »OCMF L1201 ) 9DENF2{201) sDEN2F (201 1,DENZ2FZ2(201)
IRIMEL201).
DIMENSION HP(45500)9TG(45500)
_COMMON_/MCOEFLDENNS»ThETAs  RIAV
COMMON /7MBPWPCIRSPETADLO

_COMMON /MBPP/DTNPTPRNLSUNLSCFNNT o NEST DSV 2uMO 3017
1H1 sREMT 9 By DENF1

COMMON _ZMER/PRNBY »DENND Lo UNBY s UNB2 e XNT o XN2s  VESHI]
COMMON /MRAUT/TIMEP{SGU) s TUXLL6CC) s TWX2(600)»TX3(601)TWX4(600),
ITIMESP LAY s Jt B e Xutil01 )2 TWM(A5])
COMMON /MBPR/KT
—COMHMON_ LMHT /ANl o RINSROUT DIt RGDIFFULCONDUC L oHOaTAMB DT
COMMON /MHBPWP/TO» TEMNL » TEMM
~REAL _MASSP NIK1 o AT2F +MI2E2aMIK2 o MilaMUL M3
199 FORMAT{4(E1242+FBe5))
200 FORMATISE164G)
2U]1 FORMATI(EL6439F16+19F16049F16429F1646)
202 FORMATIFI0,132F10a3sF10a2)

203 FORMATI(5F16.7}

206 FORMATI(6F13 4T}

209 FORMAT(17H MOLECULAR WT=yFbe.+22H RATIO OF SPeHEATS=3sFbebs/)

210 FORMAT(11H TUBLE=sFbalsl10HM XN1=oFSadaBH PlzaFSeballH
1 DIAT=4F5e¢4911HM MASSP=24F5434913H KG COVOL=yFBe 19 THCU /K
2G10H PRANDTIL =oFBabal)

211 FORMAT(11H PO=sEBe4s23HNEWTON PER SQM  DENGO=»F6+2+17HKG P
1ER CUeM  TO3:.F6e1215HDEG K UNITVZeF6a1,19HM PER SF(C TIMECss
2FT7+593HSECY)

212 FORMAT (12H CHARGE=+F6e3221H KG WEH THICKNESS=2F6a9:21H M

1 SOLID DENSITY29sFT741922H KG/CU M POTENTIAL=9F10,2v38H KCAL/KG/
L
218 FORMAT(24H GoVISCOSITY(REF4TEMP)=24FBebs1THKG/'4=SEC~ GAS CP=yFbets
21HKCALZKG=K .. GAS COND=sF9a2s23HKCALAN=SEC~K SHAPE FACR L[ Se3el)—
219 FORMAT(13H HMETLGDIFFU=+F10+8920HSOM/SEC METAL COND=yFB846+23HKCAL
I/M=SEC=K AMB TENP= FHeleSHREG . KLL
213 FORMAT (//1UH YIME(ND)=yF9e6515H SOL BY MASS=sFBeb,14'1 AV.PRESS
VURF2 Flueha B  PISTON VIl (ND)aaFQaehal2H HEAT 10SSxaF9efaddm
214 FORMAT (115H DISTIND) VEL(ND) PRESSIND) SCL 8Y vOL GAS DIND)
—1 MIX DIND) TEMPIND) M THICKIND) REYNOLD NO HeTsCOLE_ TWALL)
215 FORMAT (7F1146)
216 FORMAY (7F11e6eFlle?s2F1ua6aF10Qa2)
101 FORMAT(8F9.2)

—J2_EORMAT(3G169)
250 FORMAT(/TH TIME®sFB846913HSEC PROCVEL=+FB41115HM/SEC PROJKoE=s
1FBs2920HKCAL  INPUT ENERGY®,FBqa2922HKCAL  BALLISTIC EFFlasFRed)
220 FORMAT(5F1547)
READ 1995 (PR{IJISBLRIIJIo1J=1+20)
READ 20U» TUOEL+XN1sP13DIATIMASSP
: P MsETA
READ 2U2s DENS+CHARO»BETASWEBT
READ 203s MUsCPGeCONGoH 1B
READ 204 ROUTWDELRsDIFFUsCONDUCs TAMB +HO
READ 101sUN1(1)sUNB1oPRN1(1)+PRNELSDENNL(1)sDENNBLoTEMNL(L)+TEMNBL
216
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REPPSURPT JUPLIRC LTI 1.

AREA3=2 $CHARO/ { DENS BWEBT)—
N=XN1/P1+0.u001
AREAP=3.14159%(DIATR22) /4o
' RU=8314 /WM
UNIIV=SORT(PO*ETALRUSTOY
TIMEC=TUBEL/UNT TV
: DENGO=14/ ETA+RUSIO/PO).
VT=AREAP*XN1#* TUSEL
VES1=(CHARD/VI=DENGOL/Z (DENS=DENGO}
DO 5C0 I=1)N
500 VFS1(1)=VF5l
y VFSBL=VFS]
DENNS=DENS/DENGO
ETADO=ETA*DENGO
TEMS=z300e
TBETA=TEMS*BETAS
: RALIOA=ARFAL/AREAP
; HVS=RUTO/( (RSP~1)%#41844)
g RIAV=4184  *DENGOXHVS/PQ
3 CALV=HVS
RIN=DIAT/2..
NN=(ROUT~RIN) /DELR+U,4 000001
L=NN#Y
D0 251 1=1,2¢1 i
DO 251 J=1.50
d 251 TEMM(I,J)=TAMB
DO 252 1=1.N
MTK1(I)=0,
AMTK(11=0,
: REMT(I)=0,
252 H1{11=0,
QT=0.
PRNDTL =U*CPG/CONG
A=Ce123/(1U¢L¥*(00678#H) )
S *1 * d * %
BUM1=((1+B)*A/H)¥* (TUBEL/RIN)*BUM ]
BUM2=2 #A®8UM .
BUM3=DENGO*CPGRUNITV/ (2% (PRNDTL*#(24/341))
{ BUMGs1./(1e4B)
y WRITE(6+217) BUM4
212 FORMAT (F15.61
BUM5=DENGO*UNITV#RIN
" BUMAE=2#A | TURFL JRIN)
BUMT22.%#416440#TUBEL/ (PO*UNITV#RIN)
WRITE(69210) TUBEL oXN1sP1sDIAT+MASSPETAPRNDTL.
WRITE(6+209) WMsRSP
ARITE(64211) POSDENGOSTOWUNITVTIMEC
WRITE(6+212) CHAROSWEBT sDENSCALV
MRITE(652181NUsCPGACONGsH
WRITE(6+2191TFFUsCONDUC » TAMB
: DO 1 IX=2.N
4 UNLCIX)=UNL(1)+(UNB1-UNL(1))#(1x=1)/N
DENN1¢IX)#CENNL (L) +(DENNBL=DENNL (1)) (IX=1)/N
: el TEMNLCIX)TEMNICL )4 LTEVNBI=TEMNI (1)) % LIX=1)/N
1 MaN
JIME1=Q.
TIMEW=Q,
| Alal
TIMES=042
1K=0
C  CALCULATION OF AVERAGE CHAMBER PRESSURE AND BURNING RATE
S PDUM1=PRN1(1) 217
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DO 1u5 1324KK H
105. PDUM1=PDUM1+ENY( L) . i
AVPRH= (PDUMLI*P | +Pig%] () *(XK1-(M-1)#P]))/XN1
POUM2=03%1¢21 -
DO 1ub $=3,%
! du6. PDUM2=PLU2 +PRNLS LD
; AVPRL=(POJN2*PI+PRNo 1% (XN1~-(M=1)#P]) ) /XN1
LAVPRN=(AVPRUSAYPRULL2 o — _ .
VOUM1=YFS51(1) -
L0107 §1=2,KK
107 VDUM1=VDUM1+VFS1(I) .
¢ _ISVH=VDUM1 P I+ VFSIIM) # (XML =(M-11%P]) |
' VDUM2=VF51(2) :
—DD_108_1=3,1 . -
, 108 VDUMZ=VDUM2*VFSI(1)
i VIR »* (V115
i Sv= (lSVHH’bVL)/Z. .
| _ERQEM:DEJS_AREAE!IUnELiISMLCHARO_ -
IF (MeLTe 13) GO TO 73 S
TGL2,XT)=TEXN1(131%TQ
GO TO 72
1 13 TGI2.KT)=TF¥NB12IQ
: 72 HP(2,KT)=H1(13)
e 1F (M LY. 26) GO IO 7Ud.
TG(1sKTI=TEMN1(26)*TO
GO_TI0 1701
700 TG(1,KTI=TEMNI1*TO
TIMEP(KT)=TIMEL#TIMEC
IFE (M ofTe 84360 10 702
TG(3+sKT)=TEMNL1(84)*TO
G0 10O 703 :
702 TG{3sKT)I=TEMNBL%TO
203 _HP{3,KT}=HI1(B4)
IF (M oLT, 142) GU TO 705 .

B

s S Al

N TARTAL AT RN TR oy

L O VUL T T W AR 1)

s veass .

= ppuime—~—.

GO TO 706
705  TG(4sKT)=TEMNB1#10
706 HP(4,KT)=H1{142) _
JuXIIKTI=TEMM{1641)
TWX2 (KT )=TEMM(2691) :
TuX3(/T1=TEMMIS1o1) |
TWX4 (KT )=TEMM(101s1)
1E_(TIME)-TIMES} 56U+5611561
561 IK=1K+1
TIMESP(IKI=TIMF1*#TIMEC |
DO 623 1J=1,451 I
TN (1Kol L) sTEMM(2641 )
623 XWM(I1J)=(1J=1)#0,02 P
JMLIKY =M U
TIMES=TIMES+C.2
540 IE(IlME]’IIh'E"Il31"I|31]:31]
371 WRITE(69213) TIME1,PROPMy»AVPRNsUNB1,QT
PRINT 214
DO 90 IX=1lsMs5
X=z(1X-11%P1
DMY (1X)=VFS1{IX)#DENNS+(1-VFS1(IX))*DENN1{IX) ,
1F (IX.FQ.1) GO IO 89 P
WRITE(6+216) XsUNL(IX)sPRNI(IX)sVFSI(IX)sDENNL(IX)sDMI(IX) L
ITEMNLICIX) 9AMTRK(IX ) sREMT (IN) oHL(IX) o TEMM(TX o1)
GO TO 90 |
89 WRITE(6+215)XsUNLCIX)sPRNICIX)oVFSICIX) +DENNL(IX)sOMIEIX) s |
3
|
i

218
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LTEMNTLIX )
9L CONTINUE
OMU31=VFSULI*DENNS+({1-VFSLL L XDENNAL
WRITEL69215) yHNLsJHELPRNSLIVFHHL o DENNIT1:0M81 s TEMNEL
STV IMER UL 029
C SCLECTION OF MEW TI%: INCRCAMENT
S -370.00.2 171
RIMFLL ) =2%TORTEMYLOT)Z(TORTESMNICINSTEMM(T 1))
DENFICL)=RTMEADI*OEINLCILZ (Lo ¢+ETADO*DENGIL LI (RIMF (13 =10 1)
CALL COEF{FRANIIDYHDENNICTY oVFSIUI) o301 s CH LT ) oDl (1) 4 DUMY ,DUM2,
1E1013)
2 UNCAR{UII=UNYI LI 4SQRTIBICI)7D1LT))
JCALL COEFIPRANEL DENNILIVESSL oBuilaCBLaDMBLsDLAMLDUM2yERLY.
UNCARD=UNBL+SCRT(331/70M81)
AMAX=UNCARLY])
00 12 1=22,M
JE tUMAX=UNCARLIN1Y1 12412
11 UMAX=UNCARLI)
12 CONTINUE
1F (UMAX~UNCAPB1I13.14414
12 _UMAX=UNCARA.
14 DTIN=P1/UMAX
DIzDIN#TUREL ZUNITV
KP=1}
AVPR1=zAVPRN®#PO
AVPR2=AVER]
129 _AVPR=(AVPR1+AVPRR)/2s
DO 17 lJu=1,20

17 CONTINUE

18 BURD=BUR(1J=1)+(3UR(L.I)=DUR(L.J=2))#(AVPR=-PRLT.I=-1)}/(PPLL I}
PR(1J-1))
BURN=3JURD/ZUNITY.
IF(TSVeLESOe) GO TO 360
DSV=RATIQA*SURNZTSY
60 TO 361

36U DSVsle '

C  CALCULATION OF NEW PISTON POSITION,ITS VELOCITY AND GAS PROPS AT BASE

261 ACCL=PO*PRIBI*AREAR/MASSE
DELS®UNBLI#UNITVRDT+ACIL* (DT #%2)/2,

DELSNaD
6 XN2sXN]+DELSN

AND2sUNBLLACCLENDTZUNLIV.
CALL BO(PB+DLU»TEVVSB)
BNEW-(PRHBL+PB) /24
ACN«dIPO'PNtNlAREAP/MASSP
DaEgw {UNDLH ThIEL)
IF((AdS(DNEw-DELSN’IOELSN)-O-JOOI)20.20-25

25 _DELSHSDNES. .
ACCL=ACNEW

2V )NZ'XN!*DNEH
ANA2sUNALSACKEWSDT ZUNITY
PRNB2s=PY
DENNR2sDER.
TEMND2sTEB
NESB2eVYSB
C CALCULATION OF GAS PROPERTIES AT TUBE HEAD END

UN2(1iz0a

MIK2(1)s0,

CALL WPIPRN2(1)+DENN2(L)+TEMN2(1)VFS2(1))
C  CALCULATION FOR INTERIOR POINTS START

UREL1)sUNL (1 )=DTN®UNI(1)®{UNL(2)=UNL(D))/P1=-DTN®(PRMY (2)-PRN1(1}}/

219
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DENZE(1)=DENNL(1)~DTN*UNT( 11 #(DENNL(2)-DENNT(1) /PTI=nTN*DENNLTLL) *
LIUNT(2)=UNIAI0) /00 1-VESILIII I #P LI+ LIN® (UERNS-CLRNLIIL I RVESLLL)#DSVL .
2(1-VFS1(l)
PR2E(1I=PRNILL)I~LI AN LI (PRNTI2)=PREILLIILRL=DINEIL (L) ¥ (UNLIL2 )=
IUNT(L) /P T4CLELI*LSVRVFST (1) *OTH
CVE2E(1)=VFSIL11-DIN®UNLLL)#(VFS142)=-VESL(LL)/PL-DIN#VESILL)H
1IUNLI(2)-UNI(2)})/PI-DTN*DSV*VFS1(1)
_IF (VEZE(1)ellaval VE2E (1120

CALL COEF(PKZE(I):DENZt(1)’VF2£(1)’B£EII)aCZE(l)oDmZF(l)vDUMlo
WL 2o L2043

MT2E(1 )=V,

X1=XNILEL

J=X1+0.00001

JELADS(X]=J)=0a00003)50.450is51

S0 UN1(J+1)=UNB1

PRN1LIF1IZPRNAL

DENN1(J+1)=DENNOB]

MES1tJ+1)=VESB]

MTK1tJ+1)=0.

H1(J+1)=20a

RTMF(J+1)=2%TO*TEMNBL/ (TO*TEMNSI+TAMB)

DENF1{.J+1)1=RIMF(J+1 ) *¥DENNI(J+1) /(1o +FTADO#DENNT (41 8 (RTME LIS =]s

)
1 DO 30 IX=2aJ
MUL=MURSORT ((TO#TEMNLI(IX)I+TEMMITIXs1,)/(2%T0))
MB=MUL %P
IFtREMT(IX)eLEQs) GO TO 60LOD
LLOSSF=BUMGHDENFL (IXI#(UNI(IX ) #42,3 /(DM CIX)R(REMTIIx)##B3)
PGAINFz3UMG#ETCIX) "OENFIOIXI*(UNLLIX)#%#36)/(REMT(IX) #*B)
6010 6401
6000 ULCSSF=0.
POAINE=0N
6001 UZ2ELIX)ISUNLUIX)=DTARGHNLICIX)I#LUNLCIX+1)=UNLLIX))/PI-DTN*{PRN1LIX+1)
- % -
IF (U2E(IX)eLEsOe) U2E(IX)=0s
_DEN2F(I1X)aDENNI LIX)=DINSUNI(IX)I¥(DENNILIX+1)=DENNICIX))ZPL=DTHE
IDENNLEIX)# (UNTCIX+1=UNI{IX))/Z{01=VFSLIIX}i®*PI)+DTN#(DENNS~
20ENNYLIX)ISVESILIX)I¥DSV/L]1=VESILIX)])
DENZF(lX)-RYMF(IX)“DENZE(IX)/(I*ETAOO'DENZE(IX)*(RTMF(IX! =1))

l(UNl(lX#l!-UNl(IX))/Pl*Cl(lX)’VFSl(le'DSV*DTN-DTN'BUM?' 1e1X)*
ZHLLIX) S LTORTEMNILIX ) =TEMMLIX

211 LeDINSPGALINE,
VF2ELIX)aVFSILIX)~DTN®UNLUIX)*(VFHILIX+1)=VFS1LIX))/PI=DTN#
JVESLLIX)#LUNILIX+1)=UNLLIX1)/PL~-DINSDSYSVESILIXY
IF (VF2E(1X)eLEede) VF2E(IX)20,
[

10UM12DUM2,E2ELIX))

—M2E2LIXIaUNILIX)=DINS#UELIXIRIUZELIX)I=UELIX=111/P]=NENRIPR2ELIXI=
1PR2E(IX~- II)I(DMZE‘IX)'PID-ULOSSF'DYN
~DEN2E2(1X)=DENNLLIN )=

IDEN25(lellUZE(XX)~UZE(lX-l))/((l-VFZE(lX))'Pl)+DTN'(DENNS-

LISVESLLIXISOSV /L) -VERFLIXL)

DENZFZ(!X) mRTMFCIX)*DEN2E2¢IX) /1 1+ETADOXDEN2E2C IXI#(RTMF(IX)=1))
_PR2E211X)=PRNILIX)-DINSUELIX)#(PRIE(IX)=PR2E(IX=~10)/PI=DIN®
lBZE(lXi'lUZE!le-UZE(IX° li/Pl#CZE(lX)‘DSV'VFSl(lX)'DT‘-DTN'BUM?D

EMMUIXa1))¢RING
VFZEZ(l!)'VFSl(lx)-DTN'UZE(lX)'(VFZE(lxb-VFZE(IX*l))/PI°DTN'
Pl=DINW® SYFS1LIX)

UNZ(lX)'(UZE(lX)*UZEZ!lXi)IZo

TFIUN2(IX)eLEcDOe) UN2IIXR)S0,

DENN2CIX)=(DEN2E(IX)SDENZE2(IX)1/24

PRN2(IX)=s{PR2E(IX)+PR2E2LIX))/2,

220
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TS T R TR TPy PR o e v e e me mes
3 .= .

MFSZIX 1=l VFRELIX Y $VEE2 LI X)) /2
IF (VFS2(IX)eLEalle) VFS2(IX)=00
L3O JEMN2 CIXA=PRN2{IX L *( L=ELADO#DLENN2 CLIXIIZLOENN2LIXA0I1-ETADOY)
XP=xXN2/P1
X=xXpP
MM=J+1
M=K+l
DO BU [X=MMyMN
UN2LIXASUN2 L+ LUNB2=UN2 (J) I CIX=J ) 2P [/ (XN 2= ( J=1 1 ¥P L)
PRN2UIXI=PRN2{J)+(PRNa2-PRNZ{JI NI *(IX~JI*P I/ (XN2=-(J=-1)*P])
DENNR (IX)= DEFNZ!'I*!DENN)Z“DENPZ!!’) (lZﬁJl PIl/Z{XN2~1J~1)%P1)
VFS2(IX)=VFS2(J)+(VFSB2-VFS2( ) )% { IX~J)¥P 1/ (XN2~-(J=1)*P])
dE (VFS2LIX) el Eala) VFS2LIX)=C0
80 TEMN2{IX)=PRN2(IX) ¥ 1~-ETAOO*DERN2(IX))/Z{DLNN2(IX)*(1-ETADOY)
HM=K+1
IFtKP«EQ+2) GO TO LUV
PDUAI=PRNZ2(1)..
KMaM-]1
DO 110 1=22.KM
110 PDUM3=PDUM3+PRN21{I)
AVPRH= (PDUMA*PI4PRN2 (M) ¥ (XN2=IM=1)%P1}) /XN2
PDUM4=PRN2(2)
D01 1530
111 PDUM4=PDUM4+PRN2I(T)
AVPRL = {PDUML#P ] $PRNB2#(XN2-(M=1)#P]) ) /XN2
AVPR2=PO* (AVPRH+AVPRL ) /2,
Kp=2
,GO T0 120
A0y DO 3] IX=2,J
MUL=MURSURT (L TORTEMNL (I X)+TEMM(IX91))/(2%710))
MBaMUL *#8
lF (UNl(lx).LE.O.uOl) GO 70 1200
UNDL CIX)
UP:B.U*(U+CTN*((PRN1(Ix+1:-PRN1(IX))/(DENFI(XX)*UNI(!X)*Pl)+
1 {UN +]1)=
GO0 70 1201
1200 Ua0,
UPs0Q.
1201 MT2E(IX)IsMIKIC(IX)=DIN®UNICIX) R (MTKIQIX+1)=MTKALIX))/Z(H®P]) ¢RUMLY
IMBRDTIN®#(UNLI(IX)##(1=B))/Z({DENFL1(IX)##B)~(1+RA)#MTKI(IX)R(DTNR((H+2)#
3-““]‘|x])£|ﬁ*2|)t“N]‘]x) ‘DENEI'IX:II nENE]|[x})‘[ﬂl2|i
ADENFLIIXIYISUH(DEN2F LIX)=DENFLITX))/DENFLUIX))+11+8)#MTK1LIX) *UP
—JEAMIZECIX) abEale) MIRE(IX)%0e
IF (U2ELIX)elTeVeudl} GO TO 1300
—UUs=tUPF2LIX)-UNICIX)IZUELIXN) |
UK=840% (UU+DTN# (L IPR2ELIX)=PR2E{TIX=1) ) ZIDENZF(IXI%U2EIX)#PT )+
GO TO 130)
1300 Ul=0a
UK=0,
1301 MIZE2CIXIaMIK1IIX)=DINSUIELIX)®(MTOF CIXI=MT2F(IX=2])/tH¥P] ) +AUMLE
XMB'DTN‘(UZE(IX)'*(l-d))I!DENZP(lX)'*Ui“(I*B)‘MTZE(IX)‘(DTN'((H+2)'
ALUSFELIX Y —U2F L I X 100 Z4H*PINSU2EL IXI®IDENIF -

QDENZF(lX'))*UU#(DENZFZ(IX)~DENF1(IX!)IDENZF(lX))*!l*Bi‘N'zE(lX)‘UK

—LE(MYI2F201X%)al EaQa)MI2E2LIX) 200
31 MTK2CIX)={MT2ELIX)I+MT2E2(IX) ) /2.
20 20 _IX=MMaMN
81 MTK2.1X)uMTK2{JI=MTK2(JIH(IX=J)#P1/{XN2=(J=1)%P])

DO 400 Ix2.M
MUL=MU#SCRT((TORTEMN2(1I+TEMMIT,1))/7(2%T70))
MBsmy) 448
IFIMTK2LT1eLTe0s) WRITEL64217) MTK2(I)
AMTK (1 )sMTK2( ] ' #%BUMG
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C

JELLaGTaliM) RIMELD)=2%TONTEINZCIVZLTREVNZ U VATO#TEMNY (L1
CENFZUII=RTUFLIIRDENN2 I Z (AL TADOXDEANZ (LI HIRTMF L)1)
JEADENF2{T oL oo ) #RITE(Gs27) DENF2LI)sRIMF (L) SDENN2LI).
REMT(I)=0UNGR2DENF2 (1 )AUN2 (1) *AMTKU] ) /MUL
JE(REMT 13 al P alia) GO T2 441
FRIF=2#A/{RET ()Y R%3)
GA_10. 422
401 FRIF=0.
402 M2 (1) =RUMARDENE2L LI RUN2.LLYRERIF. .
TF(leGTaMM) HILtIY=O0 » crvvisarensor or -
Mzt L2 0 T332
COMPUTATIC | CF nEAT LCS3 IN TIME DELTA .
SAE 1AERe2) 0L TO _Tubu.
IF (1sEQeMM) GO TO 1UVI1
dF laGTeMMY GO TO 1002, ’
Q1=2e%3e 14159 #RIN*PIXTUBEL*HL(T)*(TORTEMNI(1)-TEXi“t]41))%0T
L0-10.1003
1000 Ql=2e#3414159%RIN*(1,5%PI*TUBEL)*HL(2)*#(TO*TEMNLII2)-TEM 1421 ) }¥DT
60.-10-1403 *
1001 Q1=2e#3414159%RIN¥TUBEL ¥ (UeS*PI+H(XNI=J*¥PI) ) ¥HI(T ) #(TA¥TEMNI(T )~
ITEMM(T21)) %D
GO TO 1003

i -

1033 QT=QT+Q1
JE {1.GT.MM! GO I0 400
CALL HTW(I)

—400 CONTINUE

C

REINITIALISATION
TIMEISTIMELSDIN
KT=KT+1

XNlaXN2
UNB1=UNB2
PRNBLaPRNB2
DENNB1=DENNB2

VESBlavESB2

TEMNB1=TEMNB2

DO 96 IX=]1M

UNLCTIX)aUN2CIX)

PRN1CIX)«PRNZ{IX}

DENN1(IX)sDENN2(IX)
ESZ2LIXy

MESLLIX) =Y
MTKI(IX ) sMTK2(1X)
96 JEMNILIXIalEMN2LIX)
DO 53 I=2.M
53 Hl{1jsH2(1]}
IF (XN1=1e) D977
1 WRITE(6£213) i
PRINT 214
D0 91 lXs1lsMal
X=(Ix=11*pP]
OMILIX)sVESTLIX)WOENNSYLY-VFSILIX) JEDENNLCIX]) .
"IF (1X+EQ.1) GO TO 88

~MRLIEL&,216) XoUN
ITEMNLUIX ) sAMTK 1 1 oREMT (IXDoHLUIX ) o TEMMEIX01)

G0 JO 9%
8 WRITE(6+215)XoUNLCIX) oPRNICIXISVFST(IX)sDENNLCIX)sDMYLIX)
1TEMNLICIX)
91 CONTINVE
] * ‘f - o #*
WRITE16+215) XN1yUNB1+PRN31+VF 531 +DENNB] +DMB1+ TEMNB]
TGI2+KT)ISTEMNLI(13)®TO
HP(2+KT)=KH1(13)
TIMEP(KT )sTIMEI®#TIMEC
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TG LK T IRTELNLL2D)RTO-.

HP(1sKT)=H1(26]

TG KT I=TRNNI L) RTO .

HP{3sKT)=H1(56)

JAGLAWKII=TEVNIL1421 %10

HP (4K T)=H1(142)

DO._Zu9. JD=lsh.

D0 710 JK=19KT

ARITE L3 6P U IR ) 2 TOLUD s JRIATINMEP(JKYL
710 CONTIMUE
s , 709 CONTINUE
E . TWXI(KT)=TELM{1G 1)
y

TR TR

Jux2L KTV =TEMEL26,10
TUX3(KTI=TENM(51,1)
* JuXa (K =TEMMLLIOLa1)
wRITE(6570) KT
L0 FORMATL1S).
END

T
A

SUBROUTIME COEF (PRF sDENG»VFS»BsCaDsGrHE)

COMMON _LMCOEF/DENNS » TBETAS RTAV

COMMON /MBPWPC/RSP,ETADO

REDENGRLI-VESI+DENNS*VES

ENS=PRE*(1-TbETA)/DENNS

ENG=PRE*(RSP=EJADOXDENG)/ (CENG*(RSP=1})

2=(1-VF5) % (1-ETADC#*DENG )~ (RSP~1) #VFS*#TBETA
13=RSP*PRELZ

C= (RSP *PRE*(DENMS-DENG) = (RSP-1) ¥DENNS*DENG* (ENG-ENS-RTAV) )/ (DENG*
BVAR

G=DENG/ ({1-VFS)#B)

H=(RSP~1) *DENNS +DENG* (ENG-ENS=RTAV)I/((1=VFS)*RSP*PRE).
E=(RSP-1)/2

RETURN

END

SUBROUTINE BP(PRSDENsTEM,VSM)

‘ LOMMON_/MBPWPC/RSP S ETADO

i COMMON /MBPWDP/DTNsPI PRNL(201)2UNL(201)+DENNTI(202)sVFS21201)405V
: 18UM6,BUNT o HI(2V1) sREMT (201 )2 BDENFI(200)

' COMMON /MBP/PRNB1sOENNBIWUNBL»UNB29XN19XN2 s VFSB1

AMMON /MRPR/ZKT

COMMON /MHBPWP/TOSsTEMNL(201)+TENMI201451)
BR2s2PRNB1

DEN2=DENNB1

VS2=VFESU1

CALL COLF{PR2+DEN2+sV52+82+C2+D2+0G2+H2+E2)

SB1aVFSB1#(1-VFSbl ) /DENNBL
Iol=Ni1/DENNBL
PRX=PRNB1
. DENXsDENNB1
UX=UNB1
VSx=VESB1
DX=DB1
. BX=8R1
CX=CB1
EXs=E81
5 DAV={D2+DX)/2,
aAy:“}z*»ﬁx ) l2a
UAVS{UNB2+UX) /2
IF {KT+EQel) GO TO 50
IF (KT.GT.1) GO TO 52
50 PRX=1l.
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—DENXFlao—
UX=0,
VaXFVFSEBY
SKIR=U,.
L0 10 a3
52 LXN=(UAV+SURT(BAV/DAV) I ®DTN
~XXN=XN2=-0X0
I=xXN1/P1
X JEXXNLRL
; IF{leEQed) GO TO 6
JAELTLGTL M) GO IO 7
6 PRX=PRNI(J+]1)+(PRNBI=PRNI{J+1) )% (XXN=J¥P 1)/ (XN1~J%P])
CDENX=DLNNL (L) # L DENNEL~DEAN YL (U4 1) 3 ¥ AXXA-J#P I LUIXNY=J%P L) v §
UX=UNT{J+1 Y+ (UNS1~UNT{J+]1 ) DR (X XN-J*¥PT )/ I ANY=J*P]) 3
b

~MSX=VESL{U+ L)+ LVESBI =VFS1 (e ) S (XXN-J*P I 2 (XN1=J*P 1Y
JJ=Jd+1

I=TEMM LIS 1)
IF (REMT{JJ)eLESUe) GC TO 30
SXIN=DENEL (LI X (UNYL QD) *%2 o} 2 {RE T LIJIX%B)
GO 10 8
<0 SKIN=0,.
GO TO 8
~7 PRX=PRNI(J+1)+(PRNI(J+2)=PRN]1(J+ 1)) n (XXN=J2P1)/P]
DENX=0ENNTI(J+1) #(DENNI(J+2)=DENN1(J+1) )% (XXN-J*P 1) /P
UXsUNICJ+Y 3+ (UNTCI42 ) =UNI ()31 * (X XN=J*P T /P
VSX=VES1(J+1)+(VFSI(J+2)~-VFS1{J+1) ) *¥ (XXN~J#P])/P1
NNENE Y.
HIBd=HI(J+2)
IS=TEMNILJA+2) L3
TW=TEMM(JJ 1)
JE _IREMT(JJ)al EaQa) GO TQ 40 3
SKIN=DENFI(JJI R (UNL(JJ)*#%2 4 ) 2 (REMT(JJ)##B) v
60 10 8
40 SKIN=0, ;
B CALL COFF(PRXDENXVSXsBXaCXaDX1DUML 2DUM2 2EX)
DAV={D2+DX}/2.
BAV=(B24BX) /2.
UVAV={UNB2+UX) /2.
EAV={FX$F2) /24
COEAV={CX+C2) #(VSX+VFSBL1)*DSV /4,
PRNEW3PRX-DAV#SQRILBAVLDAV I #(UNB2-UX I +DTNRCOFAV-DIN®EAVSBUMT®H]IB®
L(TORTR=TW)+DTN#BUMEH (EAVHUAV=-SQRT (BAV/DAV) ) *#SKIN i
MV T2 UE SR YAV S F—
DCOELl=HB31#DSVRVFSBI
DCOA2aH2#DSVRVESH]
RCOEAV=(IDCOELI+UCOE2) /2
DENNEWRDENNE L +GAVRLPRNEW=PRNBLI+DINRDCOEAY
$2=V52#{1-VS$2)/DEN2
J2=D2/DEN2

SAV= (581452172, ¢
* * *

TE=TEMNL(J+1) %

< o Ao < v s e n s

A o Mo e e

T N R e

L okt B e

VFSNEWsVFSBl+SAV# (DENNEW=-DENND1)=TAV*DTN

JE (VESNEWeLEeQs) VESNEWSQ. ]

IF(LABS(PRNEW=PR2)/PR2)1~04V0011104+10415 .
10 IF((ABSIDENNEW=-DEN2) /DEN2)=040001)11411913 :
11 IF(ABSIVFONEW-VS2)=0evUuil112412015

DEN2=2DENNEW

v$2sVFSNEW

CALL COEF(PR2,DEN2,VS2+B2+C2+02+62+H2,+E2) ;
GO T0 5 :
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T TS (e I S

=Y

12-PR=PRNEW..-—
DEN=DENNEW ™
TLM=PR* (1~ TADOROEN) LLDLN* (1-ETADO) )
VSH=VF SNEW
REIURN.
END

SUBROUTINE wWP(PN2+sDW2 T2 sVFSW2) - N
oMM /MBPHPC/RSPYETADO )
COMMON /M3PAP /I NPT SPRN1(201)sUNI(201)sDENNT(201)sVFS1(201) DSV

1BU6 s BUMT G HIE201) 2 REMT (2010 28, DENEL(2B1)
COMMON /MHBPAP/TOs TEMNL (2010 s TEMMIZ201+51)
PR2=PRNLLLY
DEN2=DERN1(1)
MS2=VESi(1)_
CALL COEF(PR2sDEN2sVS2+829C2+sC29629H29E2)
CALL _COFE(PR™Y{1)20ENNI (1) oMFSI(1)sA1+C1+D1aG1sHIELY
SW1=VFS1(11%(1-VFS1(1})/DENNL1(1)
Inl=D1/DENNILL)
PRX=PRN1{1)
DEMX=DENM1111}
VSX=VFS1(1)
Bx=A1
Ccx=C1
DX=Dn1
Ex=E1
ux=0,
1U DAV=(DX+D2)/2.
= +13
UAV=UX/2.
DXN=(SORTLBAV/DAVI~UAV) ¥DTN
X=DXN/P1
I=x+1
PRX = pRN1(1»+(PR%1«1+1)-PRN1(!))*(tx+1)-1)
£t ~DEN #((X+1)=1)
UNI(I)+(UN1(I+1) uv1(1))*((x+1)-1)
Mﬁx_MEilLLL_LMEgl.Jullzyﬁélilil_JJAAﬂJ:iJ
CALL COEF{PRXsDENXsVSX3sBXsCXsDXsDUMI »DUMZHEX)
DAV=(D24DX V426
BAV={B24BX)/2.
MAV=UX/2.e
EAV=(EX+E2)/2
LOEAV=(CX4C2) #VSXHVESL (1) *DSV/4.e
IF (REMT(2).LEWDe) GO TO 40
SKIN=DENF1(2)#(UN1(2)%#%2,3 /{REMT (2) %%}
GO TO 15
40 SKIN=0ae
15 PRNEW=PRX-DAV*SQRT {BAV/DAVI®UX+DTN#COEAV-DTN*EAV#RIMTE¥H] (2)*

JATORTEMNI(2)=TEMM(24 1) ) +DIN#BUME* (EAVRUAVHSQRTIBAV/DAVII*SKIN
GAV=(G1+4G2) /2.
DCOEL1=HI*DSV*VFSL1 1)
DCOE2=H2#DSVY*VFS1 (1)
= {NC +

DENNEW=DENN1{1)+GAV# (PRNEW-PRN1(1))+DTN*DCOAV
Sy2=(1-YS2 ) #VS2/DEN2

TW2=D2/DEN2
SAVE(SH1+SW2) /2.,
TAV'DSV‘(TWI'VFJI(I)+TVZXVF51(1))/2.

[ W CilewE - *

IF (VFSNEWelLEsUs) VFSN&N’U.

IF((ABS (PRNEW=PR2)/PR2)1=0eUD01)5+5+6
5 IFCCAUS(DENNEW=DEN2)ZUEN2)=0.0QGL) 79746
7 IF(ADSI(VFSNEW=VSZ)=Vevul]1)18+846
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6. PR2=PRNENW..
DEN2=DELNNEY
VS52=VFSNEW..
CAL!, COEF(PRZ2IENZHIVS2,82:C2402»029H2E2)
L0 10 1o
8 Pu2=PRIEY
~-DA2=DENNEN.
TwW2=Pu2%¥(1-CTADO®CW21/7(Dw2%(1=ETADO))
~ MFS:2=VESNEY
RETURN
—END

—_SUSROQUIINE _HTwWLl)
OIMENSION TALCU(5])
—COMAON 2T W /1L s RINSROUT S OEL P D IFCUs CONDILC 4 1] o HO 2w TAMB DT
COMMON /MHBPWPZTOsTEMNI( 201} TEMM(201951)
~HINMER=HLI
TIM1=0.
_DIT1=(DELR*%2 4 ) /{2 #DIFEUX(HINNFR¥DELRZCONDUCH] o +DEL R/ L2 ¥RINYLYY
DTT2=(DELR*¥%24 1 /{2¥DIFFU*(HO*DEL, /CONDUC+1+=DELR/ 12, #R0UT ) })
_DIl=DIIl
IF(DTT=DTTZ)5+5986
A IT=DIY2
S TF(DTT~(DT-TIM41)115+15416
16 DIT=DT-TIM]
15 CHNT=2#DIFFUXDTT/(DELR¥*#2,)
SINEALI) =) e CHNT* (K] *DEIRZCONDUCHY o +DELR /12 #RINIIIRTEMAL T 4134
1CHNT#HI*DELR*TO®TEMNYI(IT } /CONDUCH+THNT # (1o +DELR/ (2 *¥RIN) I*TENMM(152)
~K=2
10 TNEW(K)=S()=CHNT)®RTEMM({] yK)+CHNT# (CoS+DELR/ (4o #(RIN+(K=1)#DELR)) } %
ITEMALL oK+ 1+ CHNT R (0, 5=-DEL R/ (4o R {RINS(K=1 ) #DELR))IRTEMMI] 4K=1)
ABCD=TNEW(K=1)=TNEW(K)
1F (ABCD oLTa Y1) GO TQ 8
K=K+]
IEIKLGTNNI GO IO B
GO TO 16
B TIM2aTIMI+DTT
17 TIM1=TIM2
RO 7 _M=14K
7 TEMM{I oM)=TNEW (M)
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APPENDIX VI

REPETITIVE FIRE COMPUTER PROGRAM LISTING

This program requires input, from the single shot program, of heat ,
transfer coefficient (HP) and gas temperature (TG) as a function of time é
after propellant ignition (TIMEP) at a particular x location. It calculates
barrel temperatures at that x location as a function of time for repeated
firings assuming HP and TG are the same for each cycle, A cyclic time of
0.060 second is taken., All units are in the metric system (meter, kilo- !
. grams, seconds, kilocalorie, ®Kelvin) : ‘
2% DIuzNsION A34(16)/3.19422¢6431n509,4409,12,576,15,7136,18,85191,21
3 ;lggg§11g5glgoq¢aa.26952v31.u0917o3«.5u395.szgqggign.gzgzgpg§,g§§1
4= 21°47.10875,50,24%381/ )
5% DIVENSION AAP(S,301)
6 COVWWON /ZL/ AAMoAAN, CONDUCHO ¢ DELR j
1= —DIVENSION a1(5000),A2¢5000),A3(10,301),A4(20) ‘
*®
o
10%
*

Gl o S b e ; T
wl'w-ummm.,‘
- ”
e« st omeetesrmaramam o]
~ -~
L5 ?i(\.dn._a mﬁ&mm&‘m

O NI S

0IuzNSION AAN(200301)
_READ _3C¢0e RINIROUT¢IELRIDIFFUCONDUC 1 HO P KTMAX
300 FORMAT(6F12,6¢15)

i1s TAw3=300,

12 NNz (ROUT=-RIN) /DELR+0,000001
3% LENNH] .
14» 1 00 2 I=1,L

15* 2 TEwM{I)=TAMB

16¢ NLEIY

17+ 4 DO 3 Jz1,KIMAY

18# READ(3) HP(J) 2 TG(J) ¢ TIMEP(J)
19+ 3 ONTIN
20% ngfJ*l '
21= KeEQs 2) GO TO &
22¢ 98 "f?isg‘*‘ *
23» Tivcls
248 Wzi—h
5% KE=)
26 KR=1
27s 91 KT=
28% KP=g
29% IF(KT,GE,KTVAX) GO TO 300
30 IF (KD,EQ,1) 60 10 41
1% IF (KR,NE, 10¢KJ) GO To 202
32+ Y Agtng)zrtnmfxz
33 A2(X2)=TIMEL
e 0 :Ing;I T) (KT+1)) /72
35% 2 H (KT)+HP +*
364 DI:YIMEP(&T+1)-TiH£§(KT§
37+ 1009 TIW1SR0
38« DITI={DELRe#2,)/(2,#DIFFUS (NI *DELR/CONNUC+1 ,+DELR/ (24 #RIN)))
39 DTTg=‘DELRttg.!gjz.tDIFFUt(HO#DELLICONDUC01.-DELR/(?.tROUT)))
Wos T=JTn
- 41 IF(OTT=0772)5:%06
42s 6 07120772
43¢ IF(ITT=(DT=TIU1))15:15,16
(1Y Te OYT=0T-TIVy
45 15 CHNT=2,sDIFFUsDTT/ (DELR42,)
46e TNEv{1)2(1, =CANTe THToDELR7CONDUC 41, +DELR/(2,#RIN) ) ) o TEUML 1)@
Lyl 1CHNTEHI«JEL ReTE (KT) ZCONDUCHCHNT®(1,4DELR/(2,eRIN) JoTEMM( 2)
48 K2
49¢ 10 TNEw(X)S(1=CHNT)eTEVM( 2§;OCHNYtto.s*oeLRItu.-tan¢(x~1)ooan;)so




13+

SUSROUTING RUM(3,ARJ)
cowwou/RL/ ART
A--.7979/sanr¢a)
W*l «/(8%3)
AG=SIN((57,296% (B)~45)¢AB)
AA4~SIM((51.296s(a)+u5)*A3)
AAI=AAE % (AAHSAAF #ANG)
AAJ=AASx (AAS=AAF«AAH)
RETURN

£ND

§UBRUUiIJL uUHlCOZ’
COMMON /RL/A
5=0,

§ FE((C72, 7 %% (2.8 Tl )l li=1,)2%J)/D
IF {Aasi{F) LT, 0.0001) 50 TO 2
J=J+
2=0x lUx2)
ESZ+(1,/7J)
G=5+F
30 101
2 2=(2e%74/22,)%(Ax(, 57721+AL06{¢/2.))+6)
T RETURN
END

SUIROUTINE wuM(e)
COMMON /RL/S
Js1

D=1,
G-l
L ((C/2o)tt(?tdl)#(‘-l,)ttJ)/D
IF (A35(F),LT, 0,00001) GO YO 2
LNIYY
D=D#{Jex2)
GS5+F
30 107
2 RETURN
END

_SU3ROUTINE TAL(TEMM,A)AAC,AAD)
TCOMMON 7T Y 7AAK
COMMON /RLy AZ_
“DIuINSTON TEMM(301) 0AAK(301)
20 10 J=1,301
5-ﬁtlzqq13)10.515
_IF (8 ,LF, 6) GO TO 20
CALL RUMTS, AY)
60 10 30
20 CALLT WM
CALL CUM(3,AY)
30 ARCUIY=AZZ/ARE=AY/ARD
10 CONYINUYE
RETURN
END
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ahd Qﬂfﬁfﬁ'&i@gm ]

W&Wwv G
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50
Six
92«
53
S4%
55%
Yee
578
584
59+
60%.
61¢
Her
63»
bux
65¢
66%
a7+
e8*
69%
10
71+
I2%
T3¢
Th*
75%
Jox
77
J8*
79¢

81»

DI a Antmd o atatr gb sa s

1TEMu( K*l)+CHNTt(OoS-D‘LRI(uot(RIN+(&-1)4DELK)))*TE"M\ ‘Ke1)
ABCISTNEWN(K=1)=TNEW(K)
IF_(ABCD LT, 0.1) GO YO 8
K=K+l
IF(K<GT.NN) 60 TO 80
60 710 10
B0 TNEWCKIZ(1,~CHNT# (HO®DELR/CONDUCHL s DELR/ {2, 8ROUTI ) ) TEMMIKTH+CHNTS
1HO# JELR*TAUI/CONDUCHCHNT# (1, =OELR/ (20 #R0OUT) ) «TEMMIK L)
8  TIM2STIM1+DTT
TIMI=TIVR2
IF (TNZw(l) 8T, TEWML1)) 69 Yo 912
KP=XP4)
JF_(Kp_ NI, 3) 62 710 912
APKR=TEMM(})
AL(<I)=TZvuULY)
A2(4)=TIME1+FIV2~0TT
KOz4J+1
IF (IPT . NE., 10#KE) GO TO 912
00 913 LX31.L
AS(KE s LK) ZTEMMILK)
913 CONTINGZ
AU(KEYSTIVEL+TIMR2=0TT
KE=KE+]
912 D0 7 M=1,K
7_TEuuiv)=
1003 IF(TIv2,LT,DT) GO TO 5
KTz=«T+
KRz2(R+y
TIMZ1aTIVEL40OT
Gg 10 9
-{1X]

910 WRITE (6090) APKR
TGAFSTS (KTMAX)
DO 996 LX=1/L
R.Ls%:ihﬁwllziﬁLBiBLH.
TEwngK)-rsww(L«)-soo.
20 996 _KY=1¢%
ARP (KY, LK) =0,

996 _CONTINUE
TIVNZ220,062IPT=TIMEL

AAS:°IFFQI((Q,915)#02)

20 221 «231,16

TIMz3zTIvE2/3,

TIvzG=TIVEY

AAv=0

BA=ABA (K2)

If (IPY,NE, 1) GO TO 20

CALL PADA(RIDA)TEMMIK2}
20 CALL DADA_(RoTEW4IK2)

AAR-(SAttz)tAAS

N0 995 «Y=1:3
AATZAAVREXP (=AARSTINES)

D0 997 Jsi,301

AAPLKY 4 J) SAAP(KY 0 J) $AAN (K20 J) SAAT
INuE

TIMES=TIME3+TIMES

221 CONTINUE

HQ_S%&_&!ELLI
IF (AAP(KY,301) .87, 0,) 680 TO 112
8Pz =AAP (XY, J01)
50 70 113
1*3 Al(*g’ SAAP(KY»1)4309,4BPK
A2(40)STIMEL+KYsTIMEY
KDzKV+ 1 229
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914 CONTINUE

90..FORVAT(1H ,11E11,5)
20 998 LK=1.L

998 TEMU(LL) SAAP(30LKR+300, +8PK
TIMZ1=TIVZ+TIMER
50 10 11

901 ITT1IS(DELR#%2,) /7 (2, #DIFFU(HI *0ELR/CONDUC+1 ,+DELR/(2.#RIN)})

ATT2Z(IELR %524 ) / (2, %DIFFU (H0%MELR/CONMUCH] o =DELR/ (20 #R0UT) ))
DTT=DTT1*09
IF(OTT=0TT2) 25+25,26

26 OTT=D0TTr2%,9

25_CHNTS2,#0IFFUSITT/(DELR*2,)
TNZw (1) =(1, ~CHNT* (HT#DECR/CONDUC 1, #DELR/Z (2, #RIND ) ) 4 TEMM( 1) +4

1CHANT*HI #DEL R*TGAF ZCONJUCHCHNT* (3, +DELR/ (2. %RIN) )« TEMM(  2)
=2
21p TNiW(K)=(1-CHNI)tT?W!j_”5)+CHNT*(0.5*9ELQ/(9,}(RIN+1K:4)#DELR)))t
1TEvv( K+1) +CHNT#{n, S=DELR/ (4 ¢« (RIN+ (K< 1) #DELR) ) ) #TEMU(  K=1)
ABCOSTNEW(K=1) ~TNEW(K) i
IF (ABCD +LT, .01V GO 7O 28
K=K+l
IF(K+e6GT.NN) GO TO 280
50 10 210 X
280 TNZW!K)=(1,=CHNT*THORSELR/CONDUCFI, ~DELR/ (2, #ROUTT ) ) #TEMM(K ) $CHNT
1HO#)ELR*TAUS/CONDUCHCHNT* (1, =DELR/ (24 #ROUIT) ) $TEMM (K1)
2g D0 27 v=1.K
27 _TEMMLIM)STNEW (M)
TIMELSTIVEL+DTT
KD=KD+)
99y IF (TIME1-IPT*0,06) 901s11011
1y IPT=1IPT-1
WRITE (6990) TIVEL,TEMM(1)

WRITE (6090) TEMM(301)
IT1=ITIVE(IT2, 1737
IF (172 +6T. 1,405¢6) GO TO 994
' TO E. 0 '6 9I
994 WRITE (11) IPTHTIMZ1,KNIKEKR
v A3 v J= T RDY
WRITE (11) ((A3(Ied)oJ=1e301)e2=101n)
WRITE (11) (AG(YVeTST,10)
WRITE (11) (TEMM(I)sI=1,301)
WR T TIT) CORANTT v v oS 301) » 1219 16)
9999 EN:

SUSROUTINE PADA(TEUM,A,SIGUA,K?)

COMMON / v /AAK

LOMM0N /2L AAMIAANICONDIHODWDELR
OIMENSION TEMM(301)1AAK(301)+ABNT20,301),S5T6M
AAA==(,7979)/SRT(2sA)

AA3=3,/7(Be2¢A)

AA:57,39512ﬂ5

A3:22./(7.u180.)
_AAC=(COND#A/,C15) 9AAA (SIN{ (AA=45) 8AB) 4AABSSIN( (AA+45) #AB)) 4HO# (=
L1AAA) # (SIN( (AA4US) 8A3) 4 (AAS/3, ) oSIN((AAGR)AB))
AAITICONIEA/,Q15) 9AAAS(SIN( (AA=135)&A3) +AABISINI(AACU5) sAB) ) +HO® (=
IAAA):(SIN((AA-HS)tAB)#(-AAB/B)tSIN((lA¢M5)tAB))

A(301

F D_T0_5§
CALL TAI(TEMMsA+AAC)AAD)

60 13 11
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16#*
17%
16+

20%
21*
22+
23+
2ue
25+
26%
27«
28¢
25%
e
31

3
4s
S
b*
7%
B
°] )
-Aos
11+
dgs
13
14s

em e e At e

32+

1
2

5 20 1C U=1,301
BIALTEVM(JIY /7,015
AZz¢7979/52RT(3)
AAF=1./7(8%3)
AAGZSTN{ (57,2964 (3) «45) %AB)
AA4=SINE (57,2964 (B) +45) «AB)
AATI=AAEx (AAH+AAF xAAG)

AAJ=AAS « (AAG=AAF xARH)
AAK (J)SAAT/ANC-AAJ/AAD
1¢ CONTINUE
1y _Al AAL“(T-MW(Jnl)ttQ/Z.)t(AnK(Snl)**Z)t(l*((HO* 015)/(couotﬂx):¢2)-(

LTEUM{1) 6%2/2, ) s (AAC (1) xx2)
20 30 J=31,301 )
AAN(KZ,J)=AAK (J) /SART(AAL)

SUSROUTING DAJA(TEUM,SIGMA,K7)
COM4ON /ZL/ AAM/AANICOND/HO#OELR
2IMENSION TEMH(301)»SIGHA{301),AAN(20,301) »AAA(301)
20_10 J=1,30)
AAR () =TEMMIJ) *AAN(KZ )y J) *SIGUMA (JT
1n CONTINYE
Agw~l1 o/2) % (AAA(L)4+804(301))
! 0
AAMZAAV+AAALY)
20 _CONTINUE
AAVZOELR#AAM
90 FORMAT(1H ,2E10.4)
RETURN
END
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